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DISPL: A Software Package for One and Two Spatially
Dimensioned Kinetics-Diffusion Problems

by

G. K. Leaf, M. Minkoff, G. D. Byrne, D. Sorensen,
T. Bleakney and J. Saltzman

ABSTRACT

DISPL is a software package for solving some second order
nonlinear systems of partial differential equations including
parabolic, elliptic, hyperbolic, and some mixed types such as
parabolic-elliptic equations. Fairly general nonlinear boundary
conditions are allowed as well as interface conditions for prob-
lems in an inhomogeneous media. The spatial domain is one or
two dimensional with Cartesian, cylindrical, or spherical (in
one dimension only) geometry. The numerical method is based on
the use of Galerkin's procedure combined with the use of B-splines
in order to reduce the system of PDE's to a system of ODE's. The
latter system is then solved with a sophisticated ODE software
package. Software features include extensive dump/restart facili-
ties, free format input, moderate printed output capability,
dynamic storage allocation, and three graphics packages.

Introduction

DISPL is a computer software system for solving a broad class of partial
differential equations. This class includes problems which arise from the
simulation of: time dependent heat conduction in nonhomogeneous media; the
chemical kinetics-diffusion (or transport) of minor chemical species in the
upper atmosphere; the steady state behavior of the boundary layer of a gas
bubble immersed in a moving fluid; a water hammer; tertiary recovery of oil
by thermal methods; steady state heat conduction; and chemical concentrations
in both steady and unsteady tubular chemical reactors (packed or empty). This
class then includes certain systems of partial differential equations of the
following types: parabolic, elliptic, hyperbolic and certain mixed systems
of these three types. Fairly general nonlinear boundary conditions are
allowed and include those for which the solution, its flux or combinations of
these are specified at the boundary, in perhaps a very complicated functional
relationship. The basic set of equations consists of a substantial subset of



of the class of second order nonlinear systems of partial differential equa-
tions in one or two space-like variables and one time-like variable. The
spatial domain is rectangular in either Cartesian, cylindrical or spherical
(one dimension only) geometry. DISPL permits the presence of several
material interfaces so that a variety of problems involving non-homogeneous
media can be easily solved.

The numerical method used in DISPL can be described as follows. The
system of partial differential equations is discretized in the space-like
variables. This discretization is achieved by using a Galerkin procedure in
conjunction with B-splines of a specified order and smoothness. This leads
to a system of first order ordinary differential equations (ODE's) in the
time-like variable which is solved by a sophisticated ODE software package.
Currently, the ODE solver is a variation of GEAR.

The software aspects in DISPL of interest to the user are as follows.
Input is via namelist which implies a free field format. An extensive dump
and restart facility is available which has the following features. During
either a steady-state or a transient calculation, a dump occurs automatically
when the computer time allotted for the job has been exceeded. A dump can
also be made at the normal conclusion of a steady-state calculation for use
in starting a subsequent transient calculation. Furthermore, when time is
exceeded, the dump is made in such a way that the internal routines can be
restarted without any significant numerical effect. The restart is effected
via a four-card change in the input deck. There are also extensive output
capabilities including printed output and three graphics packages (one-
dimensional slices, contours, and three-dimensional perspectives). Further
the coding, other than that in the B-spline and ODE packages, and the user
routines, is in MORTRAN. This language is a FORTRAN preprocessor which uses
macro-instructions, adjusts the dimension of internal arrays at compile time,
and allows structured programming,

In the sequel, we describe the problem types which can be solved by
DISPL in §1. In §2, we describe the numerical methods used in this code.
The package is treated in §§3,4,5,6, while sample problem coding and input
are given in §7. Thus §§1 and 2 describe the underlying methods and Strategies

used in DISPL, while §§3-7 constitute a user's guide with examples.



To solve a given problem, the following two-tier approach to using this
report is recommended.

I. Initial Use of the Package
1. Study §5 1 and 3. This will provide a basic introduction to the form
of the equation and terminology.

2. Use a previous deck (there are two sample decks provided with the
code) as a basis for the current deck. That is, rather than develop-
ing the user deck from scratch, modify a previous one.

3. Use § 4 to determine the form of the user routines.

4. Use the Machine Readable Documentation 1isting to determine Namelist
data.

II. Further Use of the Package
1. Refer to § 5 for assistance in modifying the macro variables, using
the restart features, and interpreting error messages.
2. Refer to § 6 for interpretation of printed and graphical output.
3. Refer to § 7 for further examples.

Users interested in the mathematical and numerical procedures used
should study § 2.

Finally, some cautionary remarks concerning this code. First, the code
is designed as an engineering tool for use on a reasonably large class of
practical problems. The code is not designed to replace either special purpose
programs or production codes. Second, this code will not solve every second-
order partial differential equation. Some of the more obvious restrictions
include such aspects as rectangular spatial domains, no cross-derivatives, any
side is of one boundary condition type, and second derivative information is
not available for use in boundary conditions. Third, this program is primarily
designed for nonlinear systems of parabolic equations. However, the program
can solve some problems from other classes of PDE's including elliptic, hyper-
bolic, and mixed type problems such as parabolic-elliptic types (cf. § 7).
This generality means that the user can specify ill-posed problems either
through a conceptual error or an input error. Moreover, for some hyperbolic
problems, the numerical method used in this code (Galerkin combined with a

stiff ODE solver) will not be stable. Thus when using this code, the user has
an obligation to see that he has formulated a meaningful problem for which a
solution exists.
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1. NATURE OF THE PARTIAL DIFFERENTIAL EQUATIONS

This program is designed to approximate the solution of a class of non-
linear parabolic systems of partial differential equations in one dimension
(Cartesian, cylindrical, or spherical geometry) or two dimensions (Cartesian
or cylindrical geometry). The approximation is based on the use of a Galerkin
procedure to reduce the system of partial differential equations to a system
of ordinary differential equations. This system of ordinary differential
equations is then solved by means of a variant of the ANL version of the GEAR
code [1]. In the Galerkin procedure, the class of approximating functions is
generated from a tensor product basis of one-dimensional B-splines generated

by subroutines developed by de Boor [2].

The starting point for this work was a desire to provide the capability
for solving some simplified forms of the equation of continuity for a multi-
component chemically reactive fluid. Of course, in most fluid dynamics
problems involving chemical reactions, it is necessary to carry out the
simultaneous solution of the coupled equations of mass, momentum, and energy.
However, there is a substantial class of problems for which a solution of the
equation of continuity will suffice; it is for some of these problems that
this code is intended.

The system of PDE's treated in this program does not have to be con-
sidered in any particular context; however, it may be helpful to use a physical
model in order to provide some motivation for the choice of the class of PDE's
treated here. To this end, consider a multicomponent fluid of M species with
mass concentration P

M
p =7 o Let Vi denote the velocity of the i-th species with respect to
i=1 M
fixed coordinate axes, and V= ) pivi/p denotes the local mass averaged veloc-
i=1
ity. Let q; denote the rate of production of the i-th species from chemical

for the i-th species, and total mass concentration

reactions and other volume distributed sources, and 31 = (Vi-V)oi denote the

mass flux relative to the mass averaged velocity. The equation of continuity
for the i-th species is then given by

(1.1) — + 9. (p:V+3.) = q., 1<i<M
1 1 -

where v- denotes the divergence operator. If the flux 31 can be approximated
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by

<+
Ja

i = -pviV(pi/p) (Fick's law of diffusivity)

then we have

% .
(102) at + Ve (p v) = V’(pviv(pi/p)) + qi’ 1 <1 i.M .
If we assume that the total mass dens1ty p is constant, then v- (pD v(p /p)) =
M
V-(Dini). Moreover, since } J Z q; = 0, we find by summing Eq. (1.2)
i=1 i

%%-+ V-(pV) = 0. When p is constant this reduces to v- V=0. Now
V~(in) = V~Vpi + in'v, thus when p is constant, Eq. (1.2) reduces to

1 - .
(1.3) — + V-Vpi = v-(Dini) tq;, 1<i<M

or since v-V = 0 we can write this equation in its conservative form.

ap'| v .
at +V(p )-v.(D'in'i)-*.q]" 1_<__1iM-

(1.4)

Equations (1.3) and (1.4) provide a basis for the selection of a class
of PDE's treated by the program. With this physical model in mind, we con-
sider the following system of nonlinear parabolic equations.

Bu
(1.5) [pC (t r,z u) + ev-(V (t,r,z,ﬁ)u ) + (l-e)Vh(t,r,z,U)-vum
= v-(ﬁm(t,r,z,ﬁ,ﬁﬁ)vu + z mt Ure *
M M > —
mz=1 mz=1 Com'm" Ymt Y + fm(t,r,z,u,Vu) for 1 <m< M.

Here uy = um(r,z,t) denotes the dependent variable (e.g. concentration of the
m-th species), and we have included the option of considering a system in the
substantial derivative form (6 = 0) or in the conservative form (6 = 1). The
mass averaged velocity has been somewhat generalized by the inclusion of a
two component Vﬁ = (V;,V;)T(t,r,z,ﬁ)+ user supplied function which, as

*Here T denotes the transpose.
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indicated, may depend on the species index m as well as (t,r,z) and u(t,r,z)
= (ul,uz,...,uM)T(t,r,z). The coefficient of diffusivity J = (v;,v;)T is a
two component user supplied function with the indicated dependencies. The
expression (5mvum) is interpreted as the two component vector

(DY‘ aum, DZ _a_lim)T

moar ® ‘m az
so that anisotropic diffusion can be taken into account. The heat capacity
coefficient [pC ]m(t,r,z,u) is included for heat conduction problems when
n=1and u(t,r,z) represents the temperature. Note, however, that this sys-
tem allows pC_ to depend on the species index m when M > 1; in particular
[pCp]m can be identically zero. As indicated, first and second order reaction
rate coefficients are assumed to be constant. These rate constants are pro-
vided to the program through the input. The distributed source fm(t,r,z,u,vU)
is user supplied, and it can have the indicated dependencies when
U= (u ,...,uM)T(t,r,z) and Vu = (Vul,...,VuM)T(t,r,Z). The convection vel-
ocity Vm(t,r,z,ﬁ), diffusivity 5m(t,r,z,ﬁ,73), heat capacity [pCp](t,r,z,U),
and the distributed source fm(t,r,z,ﬁ,$3) are made available to the program
by means of user supplied subroutines (VEL, DIFUSE, RHOCP, and EXTSRC,
respectively).

1.1 Domain of the Equation

Equation (1.5) is considered over a domain R = [B;ﬁ] x [Z}fj which is
rectangular with sides parallel to the coordinate axes. The geometry can be
either Cartesian, cylindrical or spherical. In order to allow for diffusion
in an inhomogeneous medium, the domain R can be composed of subrectangles
where each subrectangle can have its own material properties. It is assumed
that these subrectangles are formed by a set of NTIR vertical interfaces and
a set of NTIZ horizontal interfaces as shown in Fig. 1.

Here the four sides of the domain R are indexed from 1 to 4 counter-
clockwise starting on the left hand side of R as indicated by the symbols
[1],...,[4] in Fig. 1. This indexing scheme for the sides is used throughout
this report.
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N

NTIZ

IN

NTIR

2]

| =
Nl esss e o

Figure 1
Interface Partition of a Domain

1.2 Boundary Conditions

This code does not require boundary conditions to be imposed on each of
the four sides for each species. Thus, in principle, this code can deal with
a larger class of problems than the set of coupled nonlinear parabolic equa-
tions. However, this larger class includes problems which are not well posed
as well as problems for which the numerical method used in this code is un-
stable. For this reason, the discussion is primarily concerned with the
class of parabolic type problems.

For each species m, a boundary condition of the following form may be
specified on each of the four sides of the domain R.

> 0
(1.6) ahum + BﬁmVum-n = yhp-m

where a = a(m,s), B8 = B(m,s), vy = y(m,s), 1 <m <M, 1 <s <4 are specified
constants which depend on the species index m and the side index s. On the
left hand side of R (side 1), we have h = hl(J,m), 1 <J < NTIZ+1, 1 < m < M;
and on side 3, we have h = h3(J,m), 1 <J <NTIZ+1, 1 <m < M. On sides 2 and
4, we have h = h2(I,m) and h = h4(I,m) respectively for 1 < I < NTIR+1,
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1 <m <M. Recall that NTIR(NTIZ) is the number of vertical (horizontal) in-
terfaces in R; so that for each species m, these mass transfer coefficients h
can depend on the materials which are present on the boundary of R. The func-

tion po = po(t,m,s,x) is specified by the user as functions of time t, species

m
m, side s, and the position x on side s (thus, if s

= z and if
s=2o0r4, x=4). In addition, the function pO can depend on U and the

1 or 3, x

n|, each evaluated at x on side s. Thus the code can handle

derivative vu-
nonlinear boundary conditions as well as boundary conditions involving rela-

tionships between the species at the boundary. Here n= ﬁ(s) denotes the
exterior unit normal for the boundary 3R of R. Thus if ¥ and Z are the unit
coordinate vectors, we have n(1) = -r, n(2) = -z, n(3) = ¥, and n(4) = Z. In
addition, we allow for the possibility that po may depend on the sign of the
normal component Vh-ﬁ of the convection velocity on the boundary, e.g. po =0
if Ven < 0.

Since Vm-ﬁ is available, boundary conditions of the form

> _ 0
ahu . - B(uth—Dmvum)-n = vho

can be treated in this code by writing this condition in the form

> 0 >
ahum + Bﬁmvum-u = yhpm + Bume-ﬁ
and supplying the r.h.s. in subroutine BRHA. The motivation for this type
of condition is provided by the mass transport model where (umvm-ﬁmVUm)-ﬁ

is the normal component of the total mass flux.

1.3 Interface Conditions

Let NTIR denote the number of vertical interfaces and NTIZ the number of
horizontal interfaces in R as shown in Fig. 1. Note that an interface extends
from one external boundary of R to the opposite external boundary. Let r de-
note any one of these interfaces and let |H| denote the positive unit vector
r if r is vertical and the positive unit vector 2 if I is horizontal. If
F(t,r,z) is any given function, F|r' will denote the 1imiting value of F on



from the left (below) if I is vertical (horizontal) while F|r+ denotes the
Yimiting value from the right (above) if I is vertical (horizontal).

This program allows for two possible types of interface conditions to be
imposed on Un at an interface T.

A. Continuous Interface Condition

Before stating this interface condition, we impose the following restric-
tion on the behavior of Vm across an interface.

(H1.1) Vm(t,r,z,ﬁ) as a function of (r,z) is continuous
across an interface T.

The continuous interface condition on T requires that the concentration and
the normal component of the total flux be continuous across the interface T,
that is

(1.7) u(torsz) |- = u (t,r,z)| +
> > > >
(Vmum-ﬁmvum)-lnIIF- = (Vmum-ﬁhVum)'|n||r+

. = . . . -
Since Vm is assumed to be continuous across T', this last condition reduces to

(1.8) ﬁhvum-

> >
n| Ir-=75mvum-|n| |

B. Gap Interface Condition

The gap interface condition is intended for use in problems of heat
transfer between solids of different material properties. For this reason it
is assumed in this case that Vh = 0, and the conditions are of the following
form.

e = p9
a) 'ﬁmvum'lnl'r' = g |- - gt
(1.9)
b) 3mvum-|n|lr- = ﬁmvum-|n||r+

ou

Note that if I is a vertical interface, then D vu -|K| = 9" 1 while
m m m or

15
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au
ﬁl = D; —M ifr is a horizontal interface. The gap interface is in-

D vu .

m m 3z )
tended primarily for problems in heat transfer when the number of species M
is equal to one. Although the condition (1.9) can be used when M > 1, the

program imposes the following restriction on gap interfaces.

(H1.2) If r is a gap interface for one species then
it must be a gap interface for all species.

Thus the classification of interfaces into two types -- continuity and gap --
is independent of species.

The gap coefficients h9 can depend on the following parameters. First
consider the set of all vertical gap interfaces and let this set be indexed
by I, 1 < I < NIGAP < NTIR. The I-th vertical gap will intersect a set of
NTIZ horizontal interfaces. This horizontal set will subdivide the vertical
gap into a set of NTIZ+1 subintervals. The vertical gap coefficients can
depend on the following parameters.

Y9 - 1V9(m,1,0) where 1<m <M, 1<I < NGAP,
and 1 < J < NTIZ+1.

(1.10) h
In the same way, if NJGAP denotes the number of horizontal gaps, then the
horizontal gap coefficients can depend on the following parameters.

(1.11) W9 < hM9(m,0,1) where 1<m <M, 1<J < NJGAP,
and 1 < I < NTIR+].

1.4 Initial Conditions

The system (1.5) - (1.9) will be complete when a set of initial condi-
tions are specified. This program allows for two possibilities. First, an
arbitrary initial distribution {ug(r,z): 1 < m < M} can be specified by the
user. The second possible approach is to start from a steady-state or
equilibrium distribution {Eg(r,z): 1 <m < M}. The program computes this
steady-state distribution (prior to the start of the transient calculation)
as the asymptotic solution (i.e., as the time t goes to infinity) correspond-
ing to specified time-independent convection velocities Vm, diffusion



coefficients ﬁm’ heat capacity coefficients [pCp]m distributed sources fm’

and external boundary source pg. Since the program calculates the steady-state
solution as an asymptotic solution in time of a system of first order ODE's,
the program requires an initial estimate for the steady-state solution. The
program allows for two possibilities. First, the user may provide an initial
estimate for the steady-state distribution just as he would provide an initial
distribution for a transient calculation. The second option is to let the
program generate an initial estimate for the steady-state solution.

In summary, this program approximates the solution to the nonlinear
parabolic system (1.5), (1.6), (1.8), and (1.9) over a two-dimensional rec-
tangular domain in either Cartesian, cylindrical, or spherical (one dimension-
al) geometry. The domain may be subdivided into subrectangles having different
material properties with specified interface conditions. The user supplies
the convection velocities Vm(t,r,z,ﬁ), the diffusion coefficient 5m(t,r,z,ﬁ,53),
the heat capacity coefficients [pCp]m(t,r,z,ﬁ), the distributed sources
fm(t,r,z,ﬁ,gﬁ), and the external boundary source po(t,m,S,X). First and second
order constant reaction rates can be specified on input. Higher order and
variable reaction rates are specified in the distributed sources. The program
can perform either a transient calculation, or a steady-state calculation, or
a steady-state calculation followed by a transient calculation. The program
also has a restart capability which will be described in a later section.

17



2. APPROXIMATION PROCEDURE

This program approximates the solution to Egs. (1.5) - (1.9) by means of
a Galerkin type procedure based on the use of a tensor product basis of one-
dimensional B-splines. The integrals which arise from the Galerkin procedure
are evaluated by means of product Gauss-Legendre quadrature formulas.

2.1 Weak Form of the Equation

The Galerkin procedure used in this program starts from a weak form of
Eqs. (1.5), (1.6), (1.8), and (1.9). In order to simplify the notation, we
will drop the species index m in this discussion. For each species, Eq. (1.5)
has the general form

(2.1) [oC,)] g—ﬁ = -ov+(Vu) - (1-0)V-vu + ve(Dvu) + F(t,r,z,u,vu) ,

where pCp = pCp(t,r,z,u), V=V(t,r,z,u) and D = D(t,r,z,u). Here we have
grouped the reaction sources and the distributed source into the general term
F. Recall that the rectangular domain R is the union of material subrectangles
{RS} defined by a set of vertical and horizontal interfaces. LlLet w = w(r,z)

be any function belonging to the class Cl(RS) for each s and, for the moment,
satisfying no other constraints. To obtain a weak form, we multiply Eq. (2.1)
by w and integrate the resulting equation over the domain R. If <u,w> = IIUw,

we obtain the expression R
(2.2) <[pCp] %%3 w> = -(1-6)<V.vu,w> + <v-(§Vu-eVu),m> + <F,w> .

To obtain the weak solution, we first apply Green's theorem to the divergence
term over each subrectangle RS. Before doing this we will introduce some no-
tation for boundaries and interfaces. Let aﬁl denote that part of the exter-
nal boundary 3R for which 8 # 0 in the boundary condition (1.6), let aﬁz
denote that part of the external boundary where no boundary condition is
imposed, and let aRO denote that part where g = 0 in condition (1.6). Thus

3R = 3Ry v aﬁl u aﬁz, and each part 3R, aﬁl, and aﬁz may be different for
different species. For the moment we set 3R = 3R. u 5R.. Boundary conditions

1 2
on aRO are usually referred to as essential conditions. If aRS denotes the



boundary of a material subrectangle Rs’ then let rs denote that part of aRS
which is an 1nterface, that is r is not part of the external boundary 5R.
Now re = rg U r where rg is that part of re which is a gap interface and P
is that part wh1ch is a cont1nu1ty 1nterface

Consider the divergence term in Eq. (2.2) and apply Green's theorem over
each subrectangle RS.

(2.3)  <v-(Dvu-6Vu),w> = § ||uwv-(Dvu-oVu)
S

1 —— —
S———y

3
=3 w(DVu-eVu)-hS + Jm(DVu—eVu)-ﬁ + Jw(DVu-eVu)-ﬁ
° T 3R 3R,

- J£(DVU-6VU)-Vm

For each Fs’ the integral over rs appears twice in the above sum with the
direction of integration reversed; therefore, terms of the following form will
appear in the above sum.

-
n

(2.4) Jw'(DVu-eVu)'-lFSl - ' (Dvu-oVu) " sl -

T |
Here |n | denotes the unit normal to the interface T or1ented in the positive
coord1nate direction; thus (Dvu- eVu | r %%—- eV u if F is a vertical
z au - ovZu if Te is a hor1zonta1 interface.
The symbo]lf | indicates that the 1ntegra1 is taken in the positive coordinate
T
direction. Zs usual, w and w+ indicate limiting values on Fs taken from the

left (below) and from the r1ght (above) respectively if T is a vertical (hor-

izontal) interface. Now re = F u rg, so consider a cont1nuous interface F
If 6 = 1, then condition (1 8) states that

(ovu-Vu) -

+ >
ﬁsl = (pvu-Vu)"- ng| -
Thus in either case 6 = 0 or 1, we find that the integral in (2.4) has the

following form on F:.

19
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(2.5) J (w--w+)(UVu-GVU)--

c
I

-*
nsl

Hence if we assume, as we shall, that w is continuous across each continuity
interface r%, then these integrals over rg will not contribute to the sum
appearing in Eq. (2.3).

Next we consider a gap interface r9. At such an interface we have

assumed that V = 0 or at least that V-lnsl = 0; hence using conditions (1.9),
we find that integral (2.4) on rg has the following form.

(2.6) J (0 -0 ) (u™-u")

Next, we consider the integral over R = aﬁl u aﬁz appearing in Eq. (2.3).
On aRl, 8 # 0; thus we can use the boundary condition (1.6) to eliminate Dvu.
From (1.6), we have

(2.7) DVuen = -B-lh(au-ypo) R

which gives

(2.8) J w(DVu-8uV)-n = I w[(-8)uVen - 8" h(au-y0?)]
aR

1
J w[DVu- euV] n.
oR

Next we consider the integral over aRO appearing in Eq. (2.3). On aR
we have 8 = 0, so that u = Ypo/a on aRO. Since this form does not help in
simplifying the integral appearing in Eq. (2.3), we will restrict the class
of test functions from which w is selected by requiring that w = 0 on 3R,.
Then this integral will not contribute to Eq. (2.3). The essential cond?tion
u-= Ypo/a will then be applied in a weak form by requiring

(2.9) qu J

0



From (2.6) and (2.8), we find that Eq. (2.3) takes the form

(2.10) <v+ (Dvu-6Vu) ,w> = - J (w--m+)hg(u--u+)
>

I -
+ (-G)UV-H - B 1h(au-YpO)] + J w[DVu-GuV]-K
3 1 3R2

(DVu oVu) v .

)
RN—— A

Using this expression in Eq. (2.2), we find

(a) <loC,) 2, w> = -(1-6)Vevuru> - ] j (0 -9 -u")

ot
S
T3
-0 J wuv-ﬁ J (ahu- th ) + J w[ﬁVu-euV]-ﬁ
aRl aR 3R2
JJ(DVU -ouV)- JJ
R

(2.11) .
(b) (DU:g'J P w
R

..

R

jju(t t0

(d) J wu(t=t0)

Y 0

-
o J wp (t tO) .
aR R

0 9o

In Eq. (2.11a), w is allowed to range over the set of all functions which
are continuous together with their first derivatives in each material sub-
rectangle RS, and which are continuous across each continuous interface, and
which vanish on the essential boundary aRO. In Eq. (2.11b), w is allowed to
range over the set of functions w defined on Lo which are continuous together
with their first derivatives in each material subrectangle on aRo and which
are continuous across every continuous interface on 3R,. In Eq. (2.11c), w
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ranges over the same set of functions as in Eq. (2.11a), and in Eq. (2.11d),
w ranges over the same set as in Eq. (2.11b). The system (2.11) represents
the weak form to which the Galerkin approximation is applied.

2.2 Approximating Subspace

A Galerkin procedure seeks a solution in a subspace spanned by a given
basis set. The basis sets used in this program are tensor product basis gen-
erated from one-dimensional B-splines. The B-splines are calculated using a
subroutine package written by de Boor [2]. For completeness, we will des-
cribe B-splines in one dimension. This presentation is based on the work of
de Boor in [2,3].

2.2.1 B-Spline Basis

Let an interval [a,b] be subdivided by a mesh

T:a = X, < X2 <...< Xl < X£+1 =b .

The points X5 will be referred to as breakpoints. In this subsection we
develop a basis for spaces of functions which are piecewise polynomials over
this mesh n. Let

P = {f(x): in each interval [X;.X,

k,m 1+1]’ 1<i<s,

f(x) is equal to a po]ynom1a] of order
k (degree at most k-1)} .

Since there are & subintervals, it is clear that the dimension of P is k&.
Observe that any function in Pk , may be discontinuous at the 1nter1o: break-
points {x 2 <i<12}. We now consider subspaces of Pk generated by
imposing smoothness constraints on elements in Pk,n at these interior break-
points. Let v = (v Vosess 2) be a set of specified integers with Q0 < v. < k-1
a?d)let Sk, v denote the space of function f(x) in Pk for which f(J (X') =
(X )s 0<J < Vs -1, for 2 < i < 2. At each breakpoint X we have imposed

a set of Vi constra1nts on a function in Pk . Thus the d1mens1on of the sub-
o
Space Sk Ty will be

ke -
.i

I~ o
<
—
]
>
+
N1
-
>
]
<
S



We now consider the construction of a basis for Sk - such that each

element of the basis has local support; i.e., is non-zero on only a few sub-

intervals, and furthermore each element is non-negative. The space Sk Ty
s ils

is a space of polynomial splines and a basis of the above type is called a B-

spline basis. To generate such a basis, we will consider divided differences

k"1 1o this end,
let {Ei} be any non-decreasing sequence of points (they will be referred to
as knots) subject to the condition that 5 < Eipp for all i. Let Mi(s) de-
note the k-th divided difference of gk(o;s) with respect to the knots
Eiseersbiyyo that is Mi(s) = 9 [8550-085,,58]. Assuming for the moment that
the knots gi"“’£i+k are distinct, then the divided difference Mi(s) would
have the representation

of order k of the truncated power functions gk(o;s) = (o-5)

gk(£i+j;s)
k
m£0(€1+j-gi+m)
m#

Mi(s) =

1l I~ %

Jj=0

If two of the knots gi""’gi+k coincide, then the above representation will
involve first derivatives of gk(o;s) with respect to o; if three knots coin-
cide, then derivation of order up to two will appear, and so on. In general,
if Lys---sLy are the distinct points among the knots {Ei} and if each ;j
appears d. times, then Mi(s) will be a linear combination of the functions
(cj-s)k—m, 1<m<d;s 1<J<J. Note that if v is the smoothness index
of Mi(s) at Cj (Mi(s) has continuous derivatives at Cj through order vj—l),
then k = dj+vj. It is easily seen that each Mi(s) is a piecewise polynomial
of order k with breakpoints Tyse sty at which

(m) =y = pimde * e .
M (g3) = M3 (eg) for 0 <m < k-1-d; = vyl 12§ < d s

Mi(s) has its support in [8:854 15 and each Mi(s) is non-negative.

Now consider the subspace Sk Ty’ Define the set of knots
sty
2

1 <i<ntk} wheren =k + § d., d; = k'vi’ and

{5
=2

1
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By = weeerenreees eeviees T B =X
E T eesasecces ..'°"°'=E =x
k+1 ktd, 2
Ek+d2+...+d._1+1 T ) Ek+d2+...+dJ =X Jsr,
and J
£n+1 S eesessssessccssce « = £n+k = XR'+1 .

That is, the first and last breakpoints have multiplicity k while the break-
point Xj has multiplicity dj;for 2 <j<= Foreachi, 1<1i<n, wecan
form the divided difference Mi(x), and the B-spline basis for Sk,n,v is taken
to be the so-called normalized B-splines {Ni,k(x): 1 < i < n} where

Ni,k(x) = (B8 M () = (85 ~65)9, (645000, 5x]. Explicit representa-
tions of the normalized B-splines are generally rather involved due to possi-
ble multiplicity of knots; however the following properties are useful in

applications of these functions,

He-133

(1)

Ni,k(x) =1 for a<x<b,

i=1

(1) N 0g) = N () = 15 N (X)) =0 for > 1,

2+1

N. (X .,,)=0 for i<n,

i,k e+l
(iii) Ny k(X) Ny k(%) =0, N () =0 for 2,
(2.12)
Moo,k Koag) * N e(Xgyq) = 00 N3 (X 1) =0 for i<l

] = - ‘k-ll ] — k-
N k() % Mok ==
271 +1 %

(iv) Ni,k(x) =0 f X £ [g50E54] s

(v) Ni,k(x) >0 for a<x<b.



2.2.2 Tensor Product Basis

We now consider the two-dimensional domain R = [R,R]x[Z,Z]. Recall that
this domain may be subdivided by a set of NTIR vertical interfaces and a set
of NTIZ horizontal interfaces. In addition, we will allow for an additional
set of NMR vertical mesh 1lines and an additional set of NMZ horizontal mesh
lines. The set of interfaces and the set of additional mesh lines are
interior to R; so that the interval [R,R] is subdivided by a set of NTIR+NMR
interior (not including R or R) points. Thus we have a partition

<...< P <71 = R

m:R=r
2 L 2,.+1

r

1<Y‘

of the interval [R,R] with L. = 1 + NTIR + NMR. In the same way, we have a
partition
z

mt L =12

7 <22 <...< Z <

Z =
2 2,11

1 i 7

of the interval [Z,Z] with L, = 1 + NTIZ + NMZ. Let kr’kz be integers
greater than or equal to 2 specifying the order of the B-splines basis in the
r variable and in the z variable, respectively. Consider the r variable
first; we must specify a smoothness index v = (v;,...,v; ). These indices

are subject to the following restrictions: r

(i) 0<wv

<k-1,
- r

r
(o}
(i1) if ro corresponds to a vertical gap interface, then
as we have seen, the solution can be discontinuous
across this interface; hence we must have v;. =0,
(iii) if ro corresponds to a continuity interface, then as
we have seen, the solution is continuous across this
interface but the first derivative may be discontinuous

. . r
across this interface; hence we must have Vg =1.

A similar set of restrictions is placed on the horizontal smoothness indices

VS = (vé»-‘-’“ﬁ ). Let {Ai(r): 1<i <N} be the set of normalized B-splines
z
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relative to k > T and v"; and let {B (z): 1 <] f-Nz} be the set of nor-
malized B- sp11nes relative to k > Ty and vz . Here
2r r 2, ;
N = kr + Z (kr-vo) and N, = k, + Z (kz-vr) .
0=2 =2
Let the four sides of the domain R be numbered consecutively from 1 to 4
in the counterclockwise direction starting on the left side. Set

‘1 if side i has an essential boundary condition (8 = 0 in Eq. 1.2)

S, =
! 0 if side i has a non-essential boundary condition (B # 0 in
Eq. 1.2)
R 2 1if side 1 has an essential condition,
n. = 1+ Sq =
1 otherwise.

Nr'l if side 3 has an essential condition,

N =N -s,-=
r r 3 lNr otherwise.

(r,z,t) = o gz um,
LSRR ooy it () Aplr) Byu(2)
N, i "
" 5 j.z;] Up,50(8) Ar) Bju(z) + s, 12=1 Uiv 1(t) Ayu(r) B,(2)
(2.13) 2
+ s z Um -l(t) A (Y‘) B (Z) + Zr m
3 g N.sd NSRS LI U1|,Nz(t) Asi(r) BNZ(z)
NN
r 4
m
+ i'gﬁ j'zﬁ Uiige(t) Asu(r) B,u(2) .

In the second expression, we have grouped the basis functions by identifying
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the set which is associated with the essential boundary 5R That is, the

0"
set

(2.14) Ty = {s,A,(r)B5i(2), s,A;.(r)B (2), s3ANr(r)Bj.(2), s4A1.(r)BNZ(Z)z

1<i'<han <i' <N}

when restricted to 3R, provides a basis for functions defined on aRO. More-

0
over, the set

~

(2.15) T = {A;(r)B;i(2): n_ <" <N.n

p < <3 <N}

z
will provide a basis for functions defined on R which vanish on BRO.

2.3 Galerkin Approximation

Given the basis sets T and T0 defined in the last subsection, the Galer-
kin approximation applied to the system (2.11) proceeds as follows. For each
species m, we seek an approximation to the concentration um(t,r,z) of the form
given in Eq. (2.13). Each species m has a weak equation of the form (2.11);
thus for each species, we use the expansion (2.13) in equations of the form
(2.11a) and (2.11b). Then in Eq. (2.11a), we let the functions w range over
the set of basis functions T defined in (2.15). From the definition of these
B-splines, it is clear that every member of T satisfies the required contin-
uity conditions and each member of T vanishes on 3R0. In Eq. (2.11b), we let
the functions w range over the set T0 defined in 2.14. Again we see from the
definition of these B-splines, that each member of T0 when restricted to 3R0
satisfies the required continuity properties. For the approximation of the
initial conditions we proceed in the same way in the sense that we seek an
approximation for the initial conditions of the form given in Eq. (2.13). We
then use this expression in (2.11c) and (2.11d) with « ranging over the set T
in (2.11c) and w ranging over the set T, in (2.11d). Note that with this
procedure, the approximation to the initial condition is required to satisfy
the essential boundary conditions (in weak form) at the initial time t = to.
Next we consider the form of the equations generated by this procedure.
First we consider the left hand side of Eq. (2.11a). For each species m, the



28

left hand side of Eq. (2.11a) has the following form.

ou

m A.B.>

(2.16) <[pcp]m(t’r,zau) s't— ivj

N N
S [[166 l(tar 2R (r)By. (218 (r)By (2D i,
Y R

for n. < <N

The measures are defined by duz = dz and

dr , Cartesian geometry,
d“r = {2nrdr , cylindrical geometry,
4nr2dr, spherical geometry (one dimensional only).

For each species m, the right hand side of Eq. (2. 16) has the form

A (t U)U where A (t U) is a rectangular matrix having (N -n +1)( -nz+1)
rows and Ner co]umns with

u" = u™(t) = {U?.J..(t): 1<i' <N, 13 <N}withu={U":1<m<M).

Here 01'3' = gt TR ' .,(t), and the notation A (t,U) indicates that the elements
of Km may depend on t and U through the presence of the heat capacity

coefficient [pCp]m(t,r,z,u).

Next we consider the right hand side of Eq. (2.11a). For each species,
the right hand side is the sum of several terms. The form of each of these
terms will be displayed.

2.3.1 Non-Conservative Convection Terms

Recall that 6 can have either one of two values in Eq. (1.5). When
= 0 we have Eq. (1.5) in substantive derivative (non-conservative) form.

In this case, the following convection term is present on the right hand side
of Eq. (2.11a).
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(2.17) -<Vm-vum,A.Bj> = -JJ Vm-vumAiBjdurduZ

R
NN
r z (
ST U JiAi(r)Bj(z)vh.v(Ai.(r)Bj.(z))durduZ ,

Recall that Vm
uM(r,z,t)).

rogZy s ro_,r
(Vm,Vm) with, for example, Vm = Vm(t,r,z,ul(r,z,t),...,

2.3.2 Divergence Term

Recall that when 8 = 1, Eq. (1.5) is in conservative form so that the
divergence term will include both diffusion and convection terms when 6 = 1.
From the right hand side of Eq. (2.1la), we have

(2.18) -Jj(ﬁmvum-euth)-v(AiBj)durdz =

-

where the explicit form of the integrand is
Vat _ Typt z v z '

>
Bj.(z), and, of course, Vh = Vm(t,r,z,u).

ala
N

B '
Here, Ai' ar Ai.(r), Bj.

2.3.3 Non-Essential Boundary Terms

Recall that dR. is the union of the sides where g8 # 0; thus the integral

1
in (2.11a) over 3R, is the sum of integrals over the sides where g # O.

1
If 8 # 0 on side 1, then we have a contribution of the form



(2.20) [ 8;[-(-0)¥Tu, - 87 gy, - vyhyo)]st(RICE

s
1 NZ
= um.,

7 1 s
J { ( e)v } j.(Z)B (Z)S ( )dZ:l
J

Z

4 . .
v a1l | by @0t RIS R)dz for n, <3 <N,
VA

Here we have used the fact that on side 1, we have Vh-ﬁ = —V;. Note also
that the transfer coefficient h1 may depend on the materials which are
present on side 1, so that h1 is a piecewise constant function on side 1.
The factor S°(R) is defined by

1 Cartesian geometry
SG(B) = |2nR , cylindrical geometry

4n3?, spherical geometry (one dimension only).

If 8 # 0 on side 3, then we will have a contribution from this side
whose form is very similar to Eq. (2.20). In fact, we just replace U1 , by

Um jre subscript 1 by 3, R by R and -V; by Vm in the above expression.
r

If 8 # 0 on side 2, we have a contribution of the following form.
(a\yZ 1 _ 0
(2.21) JA{( o2, - 851 (ahyu - v hoo ):|dur
S
2 Nr
= z Um
i'=1

J e)VZ - 821 ayhy }AL (r)A; (r)du }
R

+ 82 Yo J t rsZ)du_  for ar < i 5-&r .
R
Again, if B # 0 on side 4 then we have a contribution from this side
which has the same form as Eq. (2.21) with TA i replaced by U : N » subscript

2 replaced by 4, Z by Z, and V by V In Eqs. (2.20) and (2. 21), the con-
vection velocity V is eva]uated on the appropriate boundary. Thus, for
example, on side 1 in Eq. (2.20), V; = V;(t,g,z,ﬁ(t,g,z)).

The integral over aﬁz in Eq. (2.11a) is treated in a manner similar to

the above integrals.



2.3.4 Gap Interface Term

The gap interface term has the following form.

N N
( - gl Foom [ - +
S

Nr NZ
)
I=1 Jl=1

- _g 1 U?'j' {Ag[gAiBj)' - (AiBj)+'hg|(Ai.Bj.)- - (Ai.Bj.)*]
S

for n_<i<N,n <j<N .
ron.<i <N, n, < __NZ

We consider vertical and horizontal gaps separately. Let {og(p):

1 < p < NTIR} denote the set of vertical gap indices, that is, r g, . 152
a?(p)
vertical gap interface (when Vrg = 0), and let {rg(q): 1 < q < NTIZ} denote
a”(p)

the set of horizontal gap indices. Recall that each breakpoint r. has mul-
tiplicity d_= k.- v  and a set of knots {£f: IL(c) - d_+1 <1 < IL(o)}
associated with r. where IL(o) is the index of the last knot associated with
ree For example, in Fig. 2 we show a set of 5 breakpoints (& = 4) with the
knots distributed on the breakpoints as indicated by the symbol x above the

breakpoints. In this example, k = 4 so that the breakpoint r

could be a gap

3
interface. For this example we have:
E) =&y =&y = £, = vy, IL(1) =4, d; =4, v =0,
g = &g = Moo IL(2) = 6, d2 = 2, Vo = 2,
£7 = g = &g = €10 = 32 IL(3) = 10, d3 =4, vy= 0,
11 = €12 = Ty IL(4) =12, dy =2, v, =2, N=12,
€13 = = 516 = rs, d5 = 4, \)5 - O.
4 10
12
6
rr " rs ra re
Figure 2

Sample breakpoint and knot distribution
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For each vertical gap interface r g, .’ let Ig(p) denote the index of the

o (P) - 19(p) =
last knot associated with the breakpoint r s 1.e., set (p) =

g
a”(p)-1 _
IL(og(p)-l). In the same way, for each horizontal gap interface z , set

g
t7(q)
39(q) = IL(:%(q)-1). d

Consider a vertical gap with index ag(p), then at this gap

op) o

- + | _

unless i = 19(p) or i = 19(p)+1, in which case

- +
- A =
rog(p)) 1(rog(p)) 21 if i o= 19(p)+l.

Ai(
Consider the contribution to Eq. (2.11a) from the vertical gaps. With

10 = Ig(p), we have

NN - -
NTIR 'r 'z Z . v
- g
(2.23a) - ¥ TR J {A-(r ) - A(r )JB-(Z)h
p=1 iZ=1 jz=1 PR LT S TSy TP
« [A,, (r ) - A.,(r+ )}B..(z)sd(r )dz
[‘ Jp) T ()] 29(p)
N
NTIR 'z Y4
- AT [ %8z i =
J pgl j2=1 (U10J i+l ) (rog(p)) Z hyBiBiidz if i =i,
) NgIR N, " . 5 g 7y
- -U; ., + U, ST (r3(p)) J h "B.B.,dz if 4§ = i _+1
<l jz=1 ol ol y Py 0

forn, <Jj < N, -

In the same way, we find that horizontal gaps will contribute terms of
the following form.



NTIZ rooon R
- qZ] 12_1 (U.‘ JO U]',J0+1) I h_°A.A d].l if J = JO
R
(2.23b) 4 =
| NT%Z gr ( ) R
- -U.,. u h'SAA.,du_ if j = j.+1
71 i'=1 g 1adgtl l

<1 <
for n. < —-Nr

2.3.5 Distributed Source Term

Recall from Eq. (1.5) that

M M M
(2.24) F (t,r,z,u,vu) = C .u_, +. C s, wu ,u,+f (t r,z,u,vu)
m mZ=1 mm' m mz=1 mit=7 Mm'm m'm
where
> >y
fm(t,r,z,u,Vu) = fm(t,r,z,ul(t,r,z),...,um(t,r,z),
Bul Bul BU au m
e (t,r,z), 5;—-(t,r,z),,,., = M (t,r,z), — =7 (t,r,z)) .
Thus

A

> > ~ . iy .
(2.25) <Fm’AiBj> = JJFm(t,r,z,u,vu)AiBjdurdz for n. <1 5-Nr’ n,<d<
R

We have now accounted for each term which contributes to the right hand
side of Eq. (2.11a). For each species m, the right hand side of Eq. (2.11a)
has a total of (ﬁ -n +1)(ﬂ -n +1) components. If we denote by G" the vector
w1th these components, then Eq (2.11a) can be written as a system of
(N n +1)(N -n +1) differential equations

(2.26) Km(U)ﬁm =g"
. m _ m . ) s 0
for the Ner functions U {Ui'j'(t)' 1<i'"<N,1<j"< NZ}.

2.3.6 Essential Boundary Condition Terms

This system is augmented by the weak form of the essential boundary

=>
N
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conditions (2.11b) which generates an additional system of algebraic equa-
tions as w ranges over the set Tj. Thus if S1 ° 1, then the set
{Al(r)Bj(z): ﬁz < 5-Nz} is part of T and Eq. (2.11b) will provide the
following equations.

N — —

m o S Y1 .8 0
7, sHR) L 6y18ydz = b s°(R) L 8,0°(t,R,2)dz

(2.27
)

for n, <Jj <N, .

1f . 1 then the set {AiBj: 1< 5-Nr} is part of TO; so that Eq. (2.11b)

will provide the following equations.

Nr m R Y2 R 0 )
(2.27b) Z U., J A. A.dy = — J A.p (t,r,;)du for 1 < i <N
iT=1 i',1 ) i'"1 r oy ! 1 r

If s3 = 1, we obtain the set

N
z _ (L Y _
(2.27¢)  § UM ., sSR) | B,,B.dz = 2s%R) I 00(t,R,2)B . dz
j|=1 Nr’\] J J J

z z
If Sq = 1, we obtain the set
N, m R Yq R 0 3
(2.27d) 1Z=1 Ui"Nz J AjiAgdu = ;; I Ao (t,r,I)du, for 1 <i <N .

Equations 2.27 provide an additional system of (sl+s3)(ﬂz-ﬁ +1) + (52+s4)N

3 » . L3 Z r
algebraic equations which when considered together with the system of differ-
ential equations in (2.26) provides us with a mixed system of algebraic and

differential equations whose total number is Ner'

The algebraic equations (2.27) can be avoided if in the essential
boundary condition u = g-po, we take the partial derivative with respect to
time of both sides of this equation. We then have

6 = Y/a (;0’
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and the weak form

(2.28) I i = J L0y,

BRO BRO

From this expression we then obtain a system of differential equations which
have the same form as the system (2.27) with UT,j. replaced by UT'j' and po
replaced by 60 = apo/at. When this differential system is combined with the
system (2.26) we obtain a system of Ner differential equations in Ner un-

known functions for each species. This system can be written in the form
(2.29) AT =6, m=1,....M

where Am(U) is now a square matrix.

The mixed differential and algebraic system will be called the mixed or
algebraic boundary condition version. The differential system (2.29) will be
called the differential boundary condition version. Both versions have been
implemented in the same program, and either can be selected on input.

2.3.7 Initial Conditions

The initial conditions are generated from the weak form given by Eqgs.
(2.11c,d) as follows. Given an initial distribution ug(r,z), we seek the

projection of this function into the space spanned by the sets T and T That

0
is, we seek

(2.30)  d(r,2) A o AL, B
. uir,z) = s1zy) Rey Doy
dea e TT B a sy

and determine the coefficients ﬁ?'j' by the following equations.

N, N,
~0 - m - .0
(2.31) <u ’AiBj> = 1Z=1 jz=1 Ui'j'<Ai'Bj"AiBj> <u ’AiBj>

<1< <Jj <
for n. < _.Nr, n, <j<N

and if S; ° 1 (side 1 is essential, g = 0)
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= 0 on side 2)

B

o (R Rvp, 0 f DN
(2.33) 2.: U.ill l A'iA'ilqu' = £ G_A1p (to’r’_z_)dur or 1 <1< r’
with similar expressions if Sy = 1 and if Sg ~ 1. Note that in determining
{UTj} we have imposed the initial values of the essential boundary conditions
(i.e. po(to) on aRO)
satisfy these conditions. Using po(t ) on aRO means that we have selected
one of many possible projections of u- into the space spanned by the sets T

and TO.

even though the initial distribution u0 may or may not

2.4 Evaluation of Integrals

In the case of algebraic constraints on the essential boundaries, the
Galerkin procedure leads to a mixed system of ordinary differential equations
and algebraic equations. In the case of differential constraints, the
Galerkin procedure leads to a system of ordinary differential equations of
the form given in Eq. (2.29). In either case, a variety of integrals have to
be evaluated. The general procedure for the evaluation is the same for all
of these integrals and can be illustrated by considering the integrals appear-
ing in the coefficient matrix of Eq. (2.29) which arise from Eq. (2.16). From
this equation, we see that the following integrals have to be computed.

2.30) 15,550,000 = [[to,)(6arz0 g (1A (P18, (28 (2)e g2
~ R .
for n_ < <J<N,and 1l <i'<N,1<j'"<N

i <N ;1
= 7 2 <N, < N < < N,.

r

First we observe that since Ai(r)Ai.(r) = 0 for |i-i'| > k_ and
_ - A ooy "
BJ-(Z)BJ-.(Z) = 0 for |j-j'| » k,, we have 17(i,j;i',j') = 0 when |i-i'| > k,
or |j-j'| » k- (Recall from (2.12 iv) that Ai(r) has its support in the
. rr . . .
interval [gi,gi+kr].) The computation of the integrals is accomplished by
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accumulating the integrals over each mesh subrectangle. Thus

(2.35) IA(i,j;i',j') = zr ZZ 1A (i,d3i',3") ,
o=1 =1 97

where

Z r
(2.36) IQ,T(i,j;i',J‘) J T+1I °+1[pCp](t,r,z,u)Ai(r)Ai.(r)Bj(z)Bj.(z)durduz.

zZ r
T o)

If IL(o) is the index of the last knot associated with rs then if r ¢ [r NG
we have A1"(r) 0 for i" £ [IL(o)- kr+1 IL(0)]. S1m11ar1y, let JL(7) denote
the index of the last knot associated with z , then if z ¢ [z yZ +1], we have
J"(z) = 0 for j" ¢ [JL(= )-k +1,dL(1)]. Cons1der1ng the 1ntegrals in (2.36),

o41)

we see then that when r ¢ [r el A (r)A (r) f 0 for 12 < i 5-;u and

12 < i’ 5-.u where 12 = IL(o ) k o1 1u = IL(o), 1 = Max( )i ) and

]u = Mi (N s 1 ). In the same way, we find that for Z e [z »Z +1],

B.(z )B (2 ) i 0 for J <] 5_Ju and J < J' g_Ju where j ,Ju, etc. are defined

J
as above with JL(7) and kZ in place of IL{(c) and kr' Thus for each o,

l<o <2, and 7, 1 <t 5_22, an integral of the type 2.36 must be evaluated
for

Since each integral extends over a rectangular region, a product formula is

a natural choice for a numerical quadrature scheme. This program uses a

product Gauss-Legendre quadrature scheme with NQR points in each interval
[rc,ro+1] and NQZ points in each interval [zT,zT+1]. The values of NQR and

NQZ can be selected by the user with the restriction that NQR z_kr-l and

NQZ 3-kz'1' However, NQR = kr and NQZ = kZ are reasonable choices for these
values in the sense that for this choice the error due to the use of quadrature
formulas is much less than the error due to the Galerkin approximation. The
choice NQR = kr-l and NQZ = kz-l, when it works, appear to be optimal in the
sense that the quadrature error is not greater than the Galerkin approximations
error. This would be in agreement with the theory for elliptic problems as dis-
cussed by Strang in [4]. However, there are problems for which this choice does
not work. See, for example, the sample problem in section 7.6; in this case one
must use the default values NQR = k  and NQZ = k, (cf. § 5.2).
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3. PROBLEM DESCRIPTION

In this section, we describe the class of problems which can be solved
by DISPL, as well as its capabilities and limitations. We will also describe
input and output of the code. In short then, this section and the remainder
of this report constitutes a user's guide.

3.1 Domain
R = {(r,z): RLOW < r < RUP, ZLOW < z < ZUP}

is a rectangular domain with sides parallel to the coordinate axes.

3.2 Geometry

0, Cartesian (x,y),
DELTA = {1, cylindrical (r,z),
2, spherical (one-dimensional only).

3.3 Interfaces

The domain R may be composed of subrectangles such that each subrectangie
has its own material properties.

NTIR ... the number of vertical interfaces.

NTIZ ... the number of horizontal interfaces.
NTIR = 0 (NTIZ = 0) means that there are no vertical
(horizontal) interfaces.

RIF(I), 1 < I < NTIR ... the position of the I-th vertical
interface.

ZIF(J), 1 < J < NTIZ ... the position of the J-th horizontal
interface.

3.4 Additional Mesh Points

In addition to the interfaces, the domain R can be subdivided further by
additional mesh points.

NMR ... the total number of additional vertical mesh points in
the domain R not including the end points.
NMZ ... the total number of additional horizontal mesh points

in the domain R not including the end points.



RMESH(I), 1 < I < NMR ... the position of the I-th vertical
additional mesh point. Here RLOW < RMESH(I) < RUP.
ZIMESH(J), 1 < J < NMZ ... the position of the J-th horizontal
additional mesh point. Here ZLOW < ZMESH(J) < ZUP.

The program merges the additional mesh points with the interface points to
form a mesh over which the B-splines are defined.

3.5 Partial Differential Equations

The basic equation considered by this program can be viewed as a general
form of the equation of continuity of a multicomponent fluid under the assump-
tion that the total mass density is constant. This particular physical model
provides convenient terminology for describing the equations. From a mathe-
matical standpoint, the equation considered by this program is a system of
nonlinear parabolic equations in two spatial variables.

NSPEC ... denotes the number of species (total number of
parabolic partial differential equations).
u, = um(t,r,z) ... denotes the concentration of the m-th

species at the point (t,r,z) (dependent variables for the
m-th equation).

U= (ul,uz,...,u )T ... denotes the vector of concentrations.

m
The system of equations has the following form.

' au
- m > > > >
(3.1) [pCp]m(t,r,z,u) 1y ev-(Vm(t,r,z,u)um) + (l-e)Vm(t,r,z,u)-VUm

ot
NSPEC

5> —
= v-(ﬁm(t,r,z,u,vu) u) +
NSPEC NSPEC
+ Z C 4y au,u,+f (t,Y‘,Z,E,W}
m'=1 m"=1 mm'm m m m

C_ U 4
m'=p ™M

for 1 < m < NSPEC .

When [pC ]m(t,r,z,a) £ 1 for any m, the program precomputes the integrals
IA appearing in (2.34) which can result in a substantial reduction in the
execution time. In Namelist GRID, the flag IREVLA(m)=T, implies that EpCp]m
is not identically 1 or 0. IREVLA(m)=F, implies that [pCp]m is either
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identically 1 or 0. The flag IRHP(m)=T, implies that [pCp]m = 0 while
IRHP(m)=F, implies [pCp]m 4 0. The parameter ¢ can have either of the values
0or 1. When 6 = 1, we have the conservative form. and when 6 = 0, we have
the non-conservative form for the equations. The conservative form is used
by the proaram by settina the logical indicator CONSRV=T, in the input
namelist GRID.

The following user-supplied subroutines provide the coefficient functions

appearing in Eq. (3.1).
RHOCP - supplies the heat capacity coefficient [pCp]m(t,r,z,ﬁ).

VEL - supplies the convection velocity vector coefficients Vm(t,r,z,ﬁ).
—J—»

DIFUSE - supplies the diffusion vector coefficient 5m(t,r,z, ,Vu).

—

EXTSRC - supplies the distributed source fm(t,r,z,ﬁ, u).

In addition to the indicated dependence of these functions are the arguments
> — . :

t, r, z, u, and vu, each of these functions can also depend on the material

index present at the point (r,z). This dependence on the material index can

simplify the task of writing these subroutines when the coefficients depend

on the materials which are present.

3.6 Interface Conditions

If interfaces are present in the domain R, then interface conditions
must be applied across each interface. Recall that NTIR is the number of
vertical interfaces and NTIZ is the number of horizontal interfaces. (If
NTIR (NTIZ) is zero, then there are no vertical (horizontal) interfaces in
the domain R.) As far as this program is concerned, an interface must extend
from one external boundary to the opposite external boundary of R. Let T

denote an interface, then this program allows for one of two possible inter-
face conditions to be imposed on T.

3.6.1 Continuity Condition (continuity of density and flux)

¢

+ 0 for 1 _<_ m i NSPEC.




U au U

- _m -
Herguﬁ 5 (t,r,z,u, u) and 5h 3TN Dm - if r is vertical; while 5h Blnl
Dm 3_m'1f I is horizontal. In addition, the symbol |r+ indicates a Timiting

value taken from the right (above) if T is vertical (horizontal) with the
corresponding meaning for |r—.

3.6.2 Gap Condition (Discontinuity in the density and continuity in the
flux.)

du

(1) -ﬁm ST%T\F_ = hg{umlr- - um\F+}
(3.3)
r
Let NIGAP denote the set of vertical gap interfaces. The I-th vertical gap
will intersect a set of NTIZ horizontal interfaces. This horizontal set of
interfaces will subdivide the I-th vertical gap into a set of 1 + NTIZ sub-

intervals. The vertical gap coefficients hvg can then depend on the follow-
ing parameters.

+
T

(3.4i)  h'9 = HVGAP(m,I,d) for 1 <m < NSPEC, 1 < I < NIGAP, and
1 < J < 1+NTIZ.

In the same way, if NJGAP denotes the number of horizontal gaps, then

Hg

(3.4ii) h'° = HHGAP(m,J,I) for 1 <m < NSPEC, 1 < J < NJGAP, and

1 < I < 1+NTIR.

The gap coefficients HVGAP(m,I,J) and HHGAP(m,J,I) are supplied by the
user in the input namelist DATA.

With regard to interfaces, this program is restricted by the following
requirements.

(i) A11 interfaces must be parallel to the coordinate axes.

(R3.1) (i1) Each interface must extend from one external boundary to the

opposite external boundary.

(iii) For a given species and a given interface, the same type of
interface condition must be applied everywhere on the interface.



In order to illustrate the last two restrictions, consider the following
domain with three different materials labeled I, II, and III as shown in
Fig. 3.

f C II1
I c
G I1 C
—
Figure 3

Interface Conditions before Refinement

Suppose that for a given species, we have a gap condition between
materials I and II, and continuity conditions between materials I and III as
well as material II and III. As it stands this configuration cannot be
handled by this program. However, an approximate problem can be handled by
the program. To this end we first extend the interfaces so that they extend
from one exterior boundary to the opposite side. This gives a set of NTIR=2

vertical interfaces and a set of NTIZ=1 horizontal interfaces as shown in
Fig. 4.

- |
I
1 C ITI l ITI
|
______ C ___——————11
I G II C IT1
1 2
Figure 4

Interface Conditions after Refinement
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Consider the 1st vertical interface which is divided into two subinter-
vals. The lower subinterval separates materials I and II and across this
interface we have a gap condition. But then the program requires a gap con-
dition to be applied across the upper subinterval which separates materials I
and III. However, the original problem required a continuity condition across
this upper subinterval. In order to approximate the original problem, we
observe that the continuity condition is a 1imiting case of a gap condition
as the gap coefficient increases in magnitude. Thus, in order to approximate
the original problem, we would impose a gap condition across the first verti-
cal interface. There are two gap coefficients associated with this interface
hvg(mal,d), J=1,2, with hvg(m,l,l) the given coefficient for materials I
and II, and hvg(m,1,2) an arbitrary but large number. If hvg(m,l,Z) is
sufficiently large, the original interface condition across the first verti-
cal interface will be approximated as closely as desired. Extending the
horizontal interface implies that we have introduced an interface in material
I, for example, where in the original problem there was none. Interfaces of
this type would cause concern only if very accurate values of the concentra-
tion were required in the vicinity of corners.

3.7 Boundary Conditions

For each species m, a boundary condition may be specified on each of the
four sides of the domain R. The boundary conditions have the following form.

N
A 0
(3-5) ahum + Bﬁhvum-n = thm
=
where n denotes the unit exterior normal on R, and

ALPHA(m,s) |
BETA(m,s) 1<m<NSPEC, 1<s <4,
GAMMA(m,s)

Q
1

<
n

are specified in namelist DATA for each species m and each side index s. The
sides are numbered counterclockwise starting with the left hand side. The

mass transfer coefficients are indexed as follows.



lHUl(J m) on side 1
1 <J<1+NTIZ, 1 <m < NSPEC.

'HUB(J m) on side 3

HU2(I,m) on side 2
1 <1

1+ NTIR, 1 <m < NSPEC.

| A

HU4(I,m) on side 4

These coefficients are specified in the input namelist DATA.

The function po(t,m,s,x) is specified in the user-supplied subroutine
BRHO when the algebraic version is used (ALGBCS=T,). The time derivative of
pg is supplied in the user-supplied subroutine BRHODT when the differential
version is used (ALGBCS-F ). The value of po is allowed to depend on the
normal component V -h of the convection veloc1ty In addition, the function
po can depend on U and the derivatives Vu- |A| evaluated at x on side s. That

is,

p = po(t,m,s,x,ul(x),...,uM(x), Vﬁl- ﬁ[(x),...,?ﬁn-lﬁl(x)) .

Note that if g(t,m,s,x,u(x),vu-u(x)) = 0 is a given nonlinear boundary condi-
tion, then we can achieve the form of equation (3.5) by setting

o = g(t,m,s,x,u(x),vu-u(x)) + au + e(vmVﬁh)-ﬁ(x) with h = 1 and y = 1.

It should be emphasized that boundary conditions must be put in the form
given by equation (3.5).

In order to avoid any confusion on signs, we write equation (3.5)
explicitly for each side.

au
- r_m . 0
1y - 8 —?"J "ML,
au
- Z _m _ 0
"Ml = &2 (0 2 - 2"

ah u_ + pr _m
M3y + 8500 <) Y333 0

n

Z_m
4" * 800 551 = wyhyeq -

For each species m, the program requires a set of four indicators, provided
in the input namelist DATA, with the following meaning.
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1 if side J has essential boundary conditions
NSJ(m) ={ 0 if side J does not have essential boundary conditions
-1 if side J does not have a boundary condition

for J = 1,2,3,4; and m = 1,NSPEC.

3.8

Initial Conditions

This program allows for two possible types of initial conditions.

An arbitrary initial distribution {ug(r,z): 1 < m < NSPEC} can be speci-
fied in a user-supplied subroutine INDATA. The program will then
project this data into the approximating subspace in order to provide
the initial data for solving the system of ordinary differential equa-
tions. The use of this option is indicated by setting INITSW=T, in the
input namelist GRID.

The second type of initial condition is for the program to start from
some particular steady-state or equilibrium distribution {Gg(r,z):

1 <m < NSPEC}. The program will first compute an approximation to this
steady-state distribution in the approximating subspace of B-splines by
means of the control subroutine STEADY. The program can then use this
steady-state solution as the initial data for a transient calculation
which is done under the control of subroutine TIMEX. Recall that if all
the coefficients (convection velocity, diffusivity, distributed source,
and external boundary functions) are independent of time, then the steady
solution exists and can be found by integrating the differential equa-
tions out in time until the solutions are independent of time. The pro-
gram uses this approach to find a steady-state solution. A steady-state
calculation is indicated by setting STEDSW=T, in the input namelist GRID.
If this calculation is to be followed by a transient calculation which
uses the steady-state solution as its initial data, then this is indi-
cated by setting TRANSW=T, in addition to STEDSW=T. When the program
performs a steady-state calculation, it will require an initial estimate
for the steady-state solution. There are two options available for pro-
viding this initial estimate. First, if the user has an initial
estimate, he can provide this estimate in subroutine INDATA and signal
the program to use this estimate by setting INITSW=T, in the input
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namelist GRID. If the user does not wish to provide an initial estimate
for the steady-state calculation, the program will generate an initial
estimate with the control program GUESS1. This option can be invoked by

setting GUESSW=T, in the input namelist GRID.

The four switches TRANSW, STEDSW, INITSW, and GUESSW control the nature
of the calculation as well as the nature of the initial conditions. We

illustrate this with some examples.

I. GUESSW=F, INITSW=T, STEDSW=T, TRANSW=T. This indicates that a
transient calculation is to be done with the initial data provided
by the result of a steady-state calculation. Moreover, the initial
estimate for the steady-state calculation is provided by the user in
the user subroutine INDATA.

II. GUESSW=T, INITSW=F, STEDSW=T, TRANSW=T. This is the same calcula-
tion as in I. except that the user does not supply the initial
estimate for the steady-state calculation.

III. GUESSW=F, INITSW=T, STEDSW=F, TRANSW=T. This is a transient calcula-
tion with the initial data provided by the user in the user subroutine
INDATA.

A1l four switches have default values T; thus each switch must be explicitly
set to F if that calculation is not desired.

The physical conditions which initiate a transient can be provided in
the appropriate user-supplied subroutines or in the input namelist DATA which-
ever is applicable for initiating the transient. Note that two different
sets of input data can be provided for namelist DATA. The first set is used

in a steady-state calculation and the second set is used in the transient
calculation.
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4. DESCRIPTION OF USER-SUPPLIED SUBROUTINES

This program requires nine user-supplied subroutines each written in
FORTRAN. Every one of these routines must be present in at least dummy form.

4.1 Subroutine DIFUSE(IMATL,KSPEC,NSPEC,T,RR,ZZ,SPDEN,SPDENR,SPDENZ,DIFUR,

DIFUZ,T0)

Variable Names and Meanings:

KSPEC. ..
NSPEC...

SPDENR. .
SPDENZ. .
DIFUR...

DIFUZ...

Given T,

.Species index.

.Total number of species.

Current value of the time.
Value of the abscissa.

Value of the ordinate.

..Value of the material index at the position (RR,ZZ).
...An array SPDEN(K), K=1,NSPEC for which SPDEN(K) = u(K,T,RR,ZZ)

is the concentration of the K-th species at time T and position
(RR,ZZ).

.An array SPDENR(K), K=1,NSPEC for which SPDENR(K) = %%(K,T,RR,ZZ).
.An array SPDENZ(K), K=1,NSPEC for which SPDENZ(K) = %%(K,T,RR,ZZ).

.Output value of the r-component of the diffusion coefficient for

the species with index KSPEC.

.Output value of the z-component of the diffusion coefficient for

the species with index KSPEC.

Initial value of time at which a transient calculation starts.
This value can be used to distinguish whether a steady-state
(T < T0) calculation is in progress or whether a transient

(T > TO) calculation is in progress.

RR, ZZ, IMATL, and {SPDEN(K),SPDENR(K),SPDENZ(K): K=1,NSPEC},

this routine returns the two components of the diffusion coefficient for the

species with i

ndex KSPEC.

When a steady-state calculation is in progress we have T < TO and this
routine must then return a diffusion coefficient which is independent of time.



Moreover, if the user does not provide an initial estimate (INITSW=F in name-
1ist GRID), then the GUESS1 option (GUESSW=T in namelist GRID) must be used

to provide an initial estimate for the steady-state calculation. 1In the
course of the GUESS1 calculation, the program requires that this subroutine
provides an initial estimate for the diffusion coefficient. Since the concen-
trations are not known, this initial estimate cannot depend on SPDEN, SPDENR,
SPDENZ, or T. The flag IPHASE=-2 is used to indicate when this initial esti-
mate is to be provided for a GUESS1 calculation. This indicator is trans-
mitted through the CPMM@PN block BNDCOM which can appear in this subroutine.

The general form of DIFUSE could be as follows.

SUBRQUTINE DIFUSE(IMATL,KSPEC,NSPEC,T,RR,ZZ,SPDEN,SPDENR,SPDENZ,

# DIFUR,DIFUZ,TO)
INTEGER IMATL,KSPEC,NSPEC
DPUBLE PRECISIPN T,RR,ZZ,SPDEN(NSPEC),SPDENR(NSPEC),SPDENZ(NSPEC),
# DIFUR,DIFUZ,TO
CAMMPN/BNDCPM/ IPHASE ,NS1(MAXSP) ,NS2(MAXSP) ,NS3(MAXSP) ,NS4 (MAXSP)
INTEGER TPHASE,NS1,NS2,NS3,NS4
IF (IPHASE .EQ. -2) GO TO 10
IF (T .LT. TO) GP TP 5
DIFUR = D(IMATL,KSPEC,T,RR,ZZ,SPDEN(1),...,SPDEN(NSPEC),
# SPDENR(1),...,SPDENZ(NSPEC))
DIFUZ = DIFUR

RETURN
5 DIFUR = DH(IMATL,RR,ZZ,SPDEN(I),...,SPDENZ(NSPEC))
DIFUZ = DIFUR
RETURN
10 DIFUR = DW(IMATL,RR,ZZ)
DIFUZ = DIFUR
RETURN
END

where MAXSP in COMMON block BNDCPM is the value used in the MORTRAN macros
(cf. §5.1).

Here D is a known expression for the diffusion coefficient which is to
be used during a transient calculation (TRANSW=T in namelist GRID). In the
same way DH is a known expression to be used during a steady-state calcula-
tion (STEDSW=T), and DW is to be used during a GUESS1 calculation (GUESSW=T).
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4.2 Subroutine VEL(IMATL,KSPEC,NSPEC,T,RR,Z7,SPDEN,VELR,VELZ,T0)

Variable Names and Meanings:

KSPEC....
NSPEC...

Given T,

Species index.

.Total number of species.

Current value of the time.
Value of the abscissa.

Value of the ordinate.

..Value of the material index at the position (RR,ZZ).

..The array {SPDEN(K): K=1,NSPEC} of concentrations.

Output value of the r-component of the convection velocity.
Output value of the z-component of the convection velocity.
Initial value of time at which a transient calculation starts.

RR, ZZ, IMATL, and {SPDEN(K), K=1,NSPEC}, this routine returns

the two components of the convection velocity. Note that in Eq. (3.1), the

convection term appears on the left side of this equation; therefore, this

routine must return values for VELR and VELZ consistent with these terms

appearing on the left side.

A11 remarks concerning subroutine DIFUSE also apply to subroutine VEL.
The general form of VEL would be the same as that of DIFUSE with the obvious

changes.

4.3 Subroutine BRHP(T,KSPEC,NSPEC,ISIDE,XX,VLBD,SPDEN,SPDENX,RHAV,T0)

Variable Names and Meanings:

KSPEC....
NSPEC....
ISIDE....

Species index.
Total number of species.

Side index. This index can have any integer value from one to
four. The sides of the domain are indexed counterclockwise
starting with the left side.

The position coordinate of a point on the side with index
ISIDE. Thus if ISIDE=1 or 3, XX=Z is the ordinate of a point
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on either of these sides. If ISIDE=2 or 4, then XX=R is the
abscissa of a point on either of these sides.

VLBD..... Normal component of the convection velocity at the position XX
on side ISIDE for species KSPEC. That is, VLBD=V" on sides 1

and 3, VLBD=VZ on sides 2 and 4.
SPDEN....The array {SPDEN(K), K=1,NSPEC} of concentrations.

. . au
SPDENX...The array {SPDENX(K), K=1,NSPEC} of derivatives ST7TT(K’T’XX) of
uon side ISIDE evaluated at time T and position XX on ISIDE.
That is, — 8 on sides 1 and 3, — on sides 2 and 4.

RHOV..... Output value of the boundary function on side ISIDE at position
XX for species KSPEC at time T.

T0....... Initial time at which a transient calculation starts.

Given T, KSPEC, ISIDE, XX, VLBD, SPDEN, and SPDENX, this routine returns
the boundary values appearing on the right side of Eq. (3.5), i.e., the user-
supplied function pO(T,KSPEC,ISIDE,XX). Note that since {SPDEN(K)} and
{SPDENX(K)} are available, the value for pO(T,KSPEC,ISIDE,XX) can depend on
the values of the arrays SPDEN and SPDENX; thus nonlinear boundary conditions
are allowed. In problems where convective flow is important, it may be use-
ful to have po depend on the sign of the normal component of the convection
velocity. For example, if on side 1, we require that pO(T,KSPEC,l,XX) =
when VLBD > 0, and on side 3, we require that pO(T,KSPEC,3,XX) = 0 when
VLBD < 0; then with o=0, B=y=1, Eq. (3.5) states that there is no incoming
flux on sides 1 and 3.

Reca]] that when a steady-state calculation is in progress, the boundary
function p (T KSPEC,ISIDE,XX) must be independent of the time T. A steady-
state calculation is in progress when T < TO and a transient calculation is
in progress when T > TO. This routine is called when the algebraic version
(ALGBCS=T, in namelist GRID) is used or when an initial solution estimate via
the user-supplied subroutine INDATA (INITSW=T, in Namelist GRID) is used.



The general form of BRHP could be as follows.

SUBRPUTINE BRHP(T,KSPEC,NSPEC,ISIDE,XX,VLBD,SPDEN,SPDENX,RHPV,T0)
INTEGER KSPEC,NSPEC,ISIDE
DPUBLE PRECISION T,XX,VLBD,SPDEN(NSPEC),SPDENX(NSPLC),RHPV,TO
IF (T .LT. TO) Gp TP 5
G TP (101,102,103,104),ISIDE
101 RHPV = pl(T,KSPEC,XX)
RETURN
102 RHQV = pz(T,KSPEC,XX)
RETURN
103 RHPV = p3(T,KSPEC,XX)
RETURN
104 RHPV = p4(T,KSPEC,XX)
RETURN
5 Gp Tp(1001,1002,1003,1004),ISIDE
1001 RHQV = pl(KSPEC,XX)
RETURN
1002 ...

RETURN
END

Here P and Si, i=1,4 are the known boundary values.

4.4 Subroutine BRHPDT(T,KSPEC,NSPEC,ISIDE,XX,VLBD,SPDEN,SPDENX, RHAV,TO)

The variables have the same meaning as in subroutine BRHp. This routine
returns differentiated boundary values on sides with essential boundary con-
ditions and non-differentiated values on sides with non-essential boundary
conditions. Recall that if g8 = g(K',ISIDE) = O for species K', 1 < K' < NSPEC,
then we say that the side with index ISIDE has an essential boundary condition
for species K'. If J = ISIDE, then an essential boundary condition on side J
is indicated by setting the integer flag NSJ(K') = 1 in the input namelist
GRID. When T < TO, this routine is being called from either a GUESS1 initial
calculation or a steady-state calculation; in either case, the boundary values
are constant in time. Hence if side J has an essential boundary condition and
if T < TO, this routine must return RH@V = 0.DO.

If side J (J = ISIDE) has non-essential boundary conditions for species
K' (NSJ(K') = 0), this routine must return undifferentiated boundary values on.
this side just as in subroutine BRH@.

The common block BNDCPM must be present in this routine in order that the
essential boundary indicators NS1, NS2, NS3, and NS4 are available to this
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routine. This routine is used when the differentiated version (ALGBCS=F, in
namelist GRID) is used. If the algebraic version is used, this routine 1is
ignored.

The general form of this routine could be as follows.

SUBRPUTINE BRHﬂDT(T,KSPEC,NSPEC,ISIDE,XX,VLBD,SPDEN,SPDENX,RHﬂV,TO)
INTEGER KSPEC,NSPEC,ISIDE
DPUBLE PRECISIPN T,XX,VLBD,SPDEN(NSPEC),SPDENX(NSPEC),RHﬂV,TO
CﬂMMﬂN/BNDCﬂM/IPHASE,NSl(MAXSP),NSZ(MAXSP),NS3(MAXSP),NS4(MAXSP)
INTEGER IPHASE,NS1,NS2,NS3,NS4
IF (T .LT. T70) G¥ 7@ 5
Gp TP (101,102,103,104),ISIDE
101 IF (NS1(KSPEC) .NE. 1) G@ TP 111
RHPV = d/dt pl(T,KSPEC,XX)
RETURN
111 RHPV = pl(T,KSPEC,XX)
RETURN
102 IF (NS2(KSPEC) .NE. 1) GP TP 121

141 RHPV = o, (T,KSPEC,XX)

RETURN

5 G¢ TP (1001,1002,1003,1004),ISIDE

1001 IF (NS1(KSPEC) .NE. 1) GP TP 1011

RHPV = 0.D0

RETURN _
1011 RHBV = o, (KSPEC,XX)

RETURN

END
Here Py and 81’ i=1,4 are the same boundary value functions as in BRHP, and
MAXSP is the value used in the MORTRAN macros. Note that since the concen-
trations {SPDEN(K)} and the derivatives {SPDENX(K)}, evaluated on ISIDE

at the position XX, are available; nonlinear boundary conditions are allowed
in this subroutine.

4.5 Subroutine EXTSRC(IMATL,KSPEC,NSPEC,T,RR,ZZ,SPDEN,SPDENR,SPDENZ,VV,T0)

Variable Names and Meanings:
KSPEC....Species index.
NSPEC....Total number of species present.
Teeernn.. Value of the time.

RR....... Value of the abscissa.
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Il....... Value of the ordinate.
IMATL....Value of the material index at the position (RR,ZZ).

SPDEN....The array {SPDEN(K') = u(K',T,RR,ZZ); K'=1,NSPEC} of
concentrations.

SPDENR...The array {SPDENR(K') = %%(K”,T,RR,ZZ); K'=1,NSPEC} of
r-direction partials of concentrations evaluated at (T,RR,ZZ).

SPDENZ...The array {SPDENZ(K') = %%(K',T,RR,ZZ); K'=1,NSPEC} of
z-direction partials of the concentrations evaluated at

(T,RR,ZZ).
W..ereno Output value of the distributed source fm(t,r,z,ﬁ,Vﬁ),
(m=KSPEC) appearing on the right hand side of Eq. (1.1).
T0..eveee Initial value of time at which a transient calculation starts.

Given KSPEC, T, RR, ZZ, IMATL, {SPDEN(K')}, {SPDENR(K')}, and
{SPDENZ(K')}, this routine calculates the value of the distributed source
appearing on the right hand side of Eq. (1.1). The common block BNDCOM
must appear in this subroutine in order to transmit the IPHASE indicator,
When IPHASE = -2, this routine is being called during a GUESS1 calculation.
Recall that a GUESS1 calculation provides an initial estimate for a steady-
state calculation. In this case, this routine must return an estimate for
the distributed source which is independent of the concentrations {SPDEN(K')}
and the gradients {SPDENR(K')! and {SPDENZ(K')}. When T < TO, a steady-state
calculation is in progress. In this case the distributed source must be inde-
pendent of the time T. The general form of this routine could be as follows.

- SUBRPUTINE EXTSRC(IMATL,KSPEC,NSPEC,T,RR,ZZ,SPDEN,SPDENR,SPDENZ,
# VV,T0)
INTEGER IMATL,KSPEC,NSPEC
DPUBLE PRECISIPN T,RR,ZZ,SPDEN(NSPEC),SPDENR(NSPEC),SPDENZ(NSPEC),
# W, T0
COMMPN/BNDCPM/ IPHASE ,NS1(MAXSP ) ,NS2(MAXSP) ,NS3(MAXSP) ,NS4 (MAXSP)
INTEGER IPHASE,NS1,NS2,NS3,NS4
IF (IPHASE .EQ. -2) G@ TP 10
IF (T .LT. TO) GP T@ 5
VV = f(IMATL,KSPEC,T,RR,ZZ,{SPDEN(K')},{SPDENR(K"')},{SPDENZ(K')})
RETURN
5 VW = fD(IMATL,KSPEC,RR,ZZ,{SPDEN(K')},{SPDENR(K')},{SPDENZ(K')})
RETURY
10 VV = fO(IMATL,KSPEC,RR,ZZ)
RETURN
END
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Here f, fo, and ?0 are the known distributed sources, and MAXSP is the

value used in

the MORTRAN macros.

4.6 Subroutine FDEXTU(IMATL,KSPEC,NSPEC,T,RR,ZZ,SPDEN,SPDENR,SPDENZ,

UU,UUR,UUZ,T0)

Variable Names and Meanings:

KSPEC...
NSPEC. ..

SPDENR..

SPDENZ..

.Species index.

.Total number of species.

Value of the time.
Value of the abscissa.

Value of the ordinate.

..Value of the material index.
..Array of concentrations.

.Array of partial derivatives with respect to r of the

concentrations.

.Array of partials derivatives with respect to z of the

concentrations.

When T, RR, and ZZ are fixed, the distributed source f, which is pro-
vided by subroutine EXTSRC, is a function of the concentrations
u(l),...,u(NSPEC); the r-direction partials ur(l),...,ur(NSPEC); and the
z-direction partials uz(l),...,uz(NSPEC).

The output array {UU(K') = af(KSPEC)/au(K'); K'=1,NSPEC} of
Frechet partial derivatives of the distributed source with
respect to the concentrations.

The output array {UUR(K') = af(KSPEC)/aur(K'); K'=1,NSPEC} of
Frechet partial derivatives of the distributed source with

respect to the r-direction partial derivatives of the
concentrations.

The output array {UUZ(K') = af(KSPEC)/auZ(K'); K'=1,NSPEC} of
Fréchet partial derivatives of the distributed source with

respect to the z-direction partial derivatives of the
concentrations.



T0..ve.n. Initial value of time at which a transient calculation starts.

As indicated above, this routine provides the Frechet derivatives of the
distributed source. These quantities are used in the formation of the

Jacobian of a nonlinear system which at each time step has to be solved by
the ODE solver.

To illustrate the nature of the computations performed by this subrou-
tine, we will consider the following example. Let NSPEC=2, and let the
distributed sources be defined as follows.

f(1,t,r,z) = u(l,t,r,z) + u(l,t,r,z)u(2,t,r,z) + ur(l,t,r,Z)uz(Z,t,r,Z)
F(2,tsrs2) = u(2,t,rz) + (u(l,t,r,z))2 + (uz(2,t,r,z))2

With (t,r,z) fixed, we can write these expressions as follows.

f(1)
f(2)

u(l) + u()u(2) + ur(l)uz(Z)
u(2) + (u(1)? + (u(2))?
Then for KSPEC = 1, we have:

UU(1) = of(1)/au(l) = 1 + u(2)
Uu(2) = af(1)/5u(2) = u(1)
UUR(1) = af(l)/aur(l) = uz(2)
UUR(2) = af(l)/aur(Z) = 0
uuz(1) = af(l)/auz(l) =0
uuz(2) = af(l)/auz(z) = “r(l)

For KSPEC = 2, we have

UU(1) = af(2)/su(1) = 2u(1)
u(2) = sf(2)/su(2) = 1

UUR(1) = af(2)/aur(1) =0
UUR(2) = 3f(2)/au (2) = 0
wz(1) = af(2)/auz(1) =0
wz(2) = af(2)/3u,(2) = 2u,(2)

Clearly if the distributed source does not depend on the concentrations
or their gradients, then this source is an external source and this routine
would return arrays UU = 0, UUR = 0, and UUZ = 0 in this case. The general

form of this routine could be as follows.



SUBRPUTINE FDEXTU(IMATL,KSPEC,NSPEC,T.RR,ZZ,SPDEN,SPDENR,SPDENZ,

# uu, UUR,UUZ,TO) v

INTEGER IMATL,KSPEC,NSPEC
DPUBLE PRECISIPN T,RR,ZZ,SPDEN(NSPEC),SPDENR(NSPEC),SPDENZ(NSPEC),

# UU(NSPEC),UUR(NSPEC),UUZ(NSPEC),TO
CﬂMMﬂN/BNDCEM/IPHASE,NSl(MAXSP),NSZ(MAXSP),NSB(MAXSP),NS4(MAXSP)
INTEGER IPHASE ,NS1,NS2,NS3,NS4
IF (IPHASE .EQ. -2) Gp T9 10
IF (T .LT. TO) GP TP 5
GP TP (101,102,...,10 NSPEC),KSPEC

101 gU(l) = af(1)/5u(1)

UU(NSPEC) = af(1)/3u(NSPEC)
UUR(1) = f(1)/3u (1)

UUR(NSPEC) = af (1)/au,(NSPEC)
gUZ(l) = af(l)/auz(l)

QUZ(NSPEC) = 3f(1)/au (NSPEC)
RETURN
102 gU(l) = 3f(2)/3u(l)

UUZ(NSPEC) = 3f(2)/au, (NSPEC)
RETURN
103

RETURN
5 60 T9 (201,202, ...,20NSPEC)KSPEC
201 gU(Z) = afo(l)/au(l)

20NSPEC UU(1) = af 4(NSPEC)/au(1)

RETURN

10 DP 15 KP=1,NSPEC
UU(KP) = 0.DO
UUR(KP) = 0.DO
UUZ(KP) = 0.DO

15 CANTINUE
RETURN
END

where MAXSP is the value used in the MORTRAN macros.

Here f and fO are the same distributed sources as produced by the sub-
routine EXTSRC. Again we emphasize that if f and fO are external sources,

then this routine returns zeros in the arrays UU, UUR, and UUZ.



4.7 Subroutine INDATA(KSPEC,RR,ZZ,UU)

Variable Names and Meanings:

KSPEC....Species index.

RR.vernnn Value of the abscissa.
Z2evueen. Value of the ordinate.
UWeeoronn Output value of the initial concentration for species with

index KSPEC at the position (RR,ZZ).

This routine allows the user to specify the initial value of the concentra-
tions for each species at the positions (RR,ZZ). Note that as usual, the
values RR and ZZ passed to this routine are the Gaussian quadrature points
used in the Galerkin approximation of the integrals. The values from this
routine can be used to start either a steady-state or a transient calculation
by setting INITSW = T in the input namelist GRID. The general form of this
subroutine could be as follows.

SUBRPUTINE INDATA(KSPEC,RR,ZZ,UU)

INTEGER KSPEC

DPUBLE PRECISIYN RR,ZZ,UU

Gp TP (101,102,...,10NSPEC),KSPEC

101 UU = uo(l,RR,ZZ)
RETURN

102 WU = uO(Z,RR,ZZ)
RETURN

RETURN
END
Here uO(KSPEC,RR,ZZ) is the known initial concentrations. For a steady-

state calculation, the user can either use this routine to provide an initial
estimate, in which case he sets INITSW=T and STEDSW=T in namelist GRID; or he
can use a GUESS1 calculation to form a starting estimate (GUESSW=T, INITSW=F,
STEDSW=T). When INITSW=F, this routine is ignored by the program. For a
transient calculation, the user again has two choices. He can use this rou-

tine if he has initial conditions that he wishes to start from. Alternatively, |

he performs a steady-state calculation first and uses this solution to start
the transient calculation. If this latter option is to be used, then the
user has the option of using this routine to start the preliminary steady-

state calculation.
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4.8 Subroutine RHﬂCP(IMATL,KSPEC,T,RR,ZZ,SPDEN,RCI
Variable Names and Meanings: |
IMATL....Material index.

KSPEC....Species index.

| Value of time.
RR....... Value of the abscissa.
Z7....... Value of the ordinate.

SPDEN....Array of concentrations.

RC....... Value of pCp returned by this subroutine.

For each species KSPEC this routine provides the coefficient
[pCp]m(t,r,z,U) where m=KSPEC which appears in Eq. (1.1). If [pCp]m(t,r,z,ﬁ)
= 1 for some species index m, then the user should set the logical indicator
IREVLA(m)=F, and IRH@(m)=F, in namelist GRID. This will save on computer
time since the integrals IA in Eq. (2.35) are then precomputed. The case
when [pCp]m(t,r,z,ﬁ) = 0 for some m is permitted in this program. In this
case one sets IREVLA(m)=F, IRHP(m)=T, and in this routine one returns
RC=0.D0 for the species index m. The general form of this subroutine could
be as follows.

SUBRPUTINE RHACP( IMATL,KSPEC,T,RR,ZZ,SPDEN,RC)
INTEGER IMATL,KSPEC

DPUBLE PRECISIPN T,RR,ZZ,RC,SPDEN(1)

RC = oC_(IMATL,KSPEC,T,RR,ZZ,{SPDEN(K"')})

RETURN P
END

4.9 Subroutine ANAL(KSPEC,T,RR,ZZ,VV)

Variable Names and Meanings:

KSPEC....Species index.

RR....... Value of the abscissa.
27....... Value of the ordinate.
W....... Uutput value.

| I Value of the time.
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This routine provides the analytic or true solution if it is known, and is
used in testing the program. If the solution is unknown, the following dummy
subroutine should be provided.

SUBRPUTINE ANAL(KSPEC,T,RR,ZZ,VV)
INTEGER KSPEC

DPUBLE PRECISI@N T,RR,ZZ,VV
RETURN

END

4.10 Master Driver

This is the main routine of the program and from the user's point of view
serves three important functions.
(1) Any preliminary calculations can be done in a call from this routine.

(2) If the program DISPL is going to be used as a subroutine, then the
call is made from this routine.

(3) In the DISPL program, the bulk of the storage is determined by the
size of two arrays, AL and GPW. The size of these arrays can be set
at run time in this routine.

The first function is self-evident. The second function can be elaborated
on as follows. On each call to EXEC (the main subroutine), the program processes
a complete problem. That is, Namelist GRID is read once and Namelist DATA is
read twice. Control is then returned to the Master Driver where the user can do
further calculations and repeated calls to EXEC. If the user calls EXEC when
there is no further Namelist GRID input cards, the program will print

END OF INPUT FILE WHILE READING NAMELIST GRID

PROGRAM STPPPED IN EXEC
and the execution will be terminated. If the user calls EXEC when there are no
further Namelist DATA input cards, the program will print

END QF INPUT FILE WHILE READING NAMELIST DATA

and stop. The third function requires some discussion. First of all there are
two versions of DISPL, a direct version and an iterative version. Each version
has its own storage requirements with the direct version requiring more storage.
Recall the following definitions:

NSPEC....Total number of species (number of partial differential
equations).
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KR(KZ)...Order of the B-splines in the r(z) coordinate direction.

LR(LZ)...Total number of subintervals in the r(z) coordinate direction.

ity indi i dinate
UR(I)(INUZ(J)). .Vector of continuity indices 1in the r(z) coor '
INUR(E) diréc%%on. Generally INUR(I) = CONTR and INUZ(J) = CONTZ with

0 < CONTR < KR-1 and 0 < CPNTZ < KZ-1.

Let NR(NZ) denote the number of unknowns associated with the r(z) direc-

tion. Then
LR .
(4.1) NR = KR + ) (KR-INUR(i))
i=2
= KR.LR - CONTR-(LR-1) when INUR(i) = CENTR,
and
Lz .
(4.2) NZ = KZ + ] (KZ-INUZ(j))
j=2
= KZ-LZ - CONTZ-(LZ-1) when INUZ(j) = CONTZ .

Then the number of variables associated with each species will be

NRNZ = NR<NZ ,

and the total number of variables will be

(4.3) NVAR = NSPEC-NR<NZ .

We now consider each of the two versions.

DIRECT VERSION

There are two matrices which dominate the storage requirements of this
version both of which are stored as band matrices. For each species k,
1 < k < NSPEC, the first matrix AL is generated from the integrals IA appearing
in Eq. (2.3.4). This matrix has NRNZ rows and a band width which will be

calculated. Recall that the variables are {U Pl d < Npw 1<J<N

i,J,k’ 7’
1<k E_NSPEC}. Now the program stores these variables as a singly indexed
array, and since there are three indices i,j,k, there are several possible

choices for generating the single index used in the program. In the direct



version, k (the species index) is the most rapidly varying index. The order
of the two remaining indices is then selected by the program in such a way
that the bandwidth of the matrix AL is a minimum. This selection is done as
follows. Let

(a) HORHBW = (KR-1)+(KZ-1)-NR, and
(4.4)

(b) VERHBW

(KR-1) *NZ+(KZ-1) .

HORHBW is the half bandwidth of AL when the index i varies more rapidly than
the index j, i.e. the ordering is (k,i,j) with k the most rapidly varying and
Jj the slowest varying. VERHBW is the half bandwidth of AL when the index j
varies more rapidly than i, i.e. the ordering is (k,j,i). Then if HORHBW <
VERHBW, the program selects the "horizontal" ordering (k,i,j); otherwise the
program selects the "vertical" ordering (k,j,i). For each ordering, define
the following parameters.

Horizontal Ordering

NI = NSPEC, NIH = 1,
(4.5) NJ = NSPEC-NR, NJH = NR,

NCC = -(1+NR)-NSPEC, NCCH = -NR.
Vertical Ordering
NI = NSPEC-NZ, NIH = NZ,
(4.6) NJ = NSPEC, NJH = 1,
NCC = -(1+NZ)-NSPEC, NCCH = -NZ.

In terms of these parameters, the single index n corresponding to the triple
(i,j,k) is given by

(4.7) n = i+NI+j<NJ+k+NCC.

With this ordering for the variables Uijk = W(n), the matrix AL is a band
matrix with NRNZ rows and a half bandwidth

(4.9) DM = (KR-1)-NIH+(KZ-1)+NJH.
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For storage purposes, the bandwidth of AL is given by
(4.10) FBW = 3-DM+1.

This gives the storage requirement for AL as
(4.11) SNAL = FBW<NR-NZ.

If we set NAL = SNAL where SNAL is the numerical value stored in NAL, then
the storage requirements for the matrix AL is set at run time with the state-

ments appearing in Master Driver

COMMON/ALHS/AL (SNAL)
(4.12) COMMPN/ALSIZE/NAL
NAL = SNAL

The second matrix which dominates the storage requirements of the direct
version is the Jacobian matrix PW used by the ODE solver GEAR. This matrix
PW has NVAR rows and is stored in band form. Note that when NSPEC > 1, the
matrix PW is larger than the matrix AL. The bandwidth of PW is computed as
follows. With DM defined by Eq. (4.9), the half-bandwidth of PW is given by:

(4.13) MBW = (1+DM)-NSPEC-1 .

For storage purposes, the bandwidth of PW is given by:

(4.14) MFBW = 3-MBW+1 .

One might expect MFBW = 2-MBW+1; however, pivoting is required in the decom-
position of PW. Therefore a factor of 3 is required rather than the factor 2.
The storage requirement for PW is then determined by setting

(4.15) SNPW = MFBW-NVAR ,

and using the statements

(4.16) COMMON/GEARG/GPW( SNPW) ;
COMMBN/PWSIZE/NPW

(4.17) NPW = SNPW
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in Master Driver. Here SNPW is the number determined by the user from
Eq. (4.15).

For the direct version of DISPL, the Master Driver should have the
following basic form.

C THIS IS THE MASTER DRIVER FPR THE DIRECT VERSIPN @F DISPL.
C SPACE IS ALLPCATED FUR AL AND PW HERE. ANY PRELIMINARY
C CALCULATIQNS CAN BE DPNE IN A CALL FRPM HERE.

DREAL AL ,GPW

COMMPN/ALHS /AL (SNAL )

CAMMPN/GEARE/GPW (SNPW)

COMMPN/PWSIZE/NPW

COMMPN/ALSIZE/NAL

NAL = SNAL

NPW = SNPW

CALL EXEC

RETURN

END

ITERATIVE VERSIONT

It is clear from the discussion of the direct version that the storage
requirements for the PW array can become excessive when NSPEC is large. 1In
the direct version, the matrix PW has NVAR = NSPEC.NR<NZ rows, and the

variables U, W(n) are ordered according to Eq. (4.7). This ordering pro-

duces a matlgt PW which is banded (actually block banded with each block
having dimension NSPEC). The Jacobian matrix PW is used in the ODE solver
GEAR when performing the Newton-type iterations required at each time step.
Hence, for each Newton iteration, a linear system has to be solved with a
coefficient matrix which has the same structure as the Jacobian matrix PW.

In the direct version, this coefficient matrix is factored by an LU decompo-
sition with partial pivoting. In the iterative version, this linear system
is solved by means of a Gauss-Seidel iterative procedure. However, with the
ordering (4.7), the structure of PW is block banded with each block of dimen-
sion NSPEC and the bandwidth determined by the order of the splines and the

mesh. With NSPEC at most 10, this structure is not convenient for block
iterations since it has diagonal blocks which are too small. For this reason,
a different ordering is used in the iterative version. The species index k

is now the most slowly varying index while the two spatial indices are more

TThe iterative version is not distributed at this time by the National Energy
Software Center; this section can be skipped in the first reading.
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rapidly varying and their relative order is again determined by selecting the
order corresponding to the smaller of (HORHBW,VERHBW) which are defined in

Eq. (4.4). We then define

NI =1
(a) NJ = NR if horizontal order,
NCC = -NR
(4.18)
NI = NZ _
(b) NJ =1 if vertical order.
NCC = -NZ

In terms of these parameters, the single index n corresponding to the

triple (i,j,k) is given by:
(4.19) n = i-NI+j-NJ+NCC+(k-1)-NR-NZ .

With this ordering, the Jacobian matrix PW is a block matrix with each block
of dimension NR-NZ. The matrix need not be block banded; however, the blocks
off the diagonal are the result of coupling between species from the reac-
tion terms and the distributed source. A block Gauss-Seidel iterative proce-
dure is applied to the coefficient matrix generated from PW in the Newton
type iterations. The number of diagonal blocks is equal to NSPEC and the
dimension of each block is NR-NZ. The diagonal blocks are band matrices each
having a half-bandwidth DM given by

(4.20) DM = (KR-1)-NI+(KZ-1)-NJ ,

where NI and NJ are given by (4.18). Since each diagonal block (one block
for each species) is factored by an LU decomposition with partial pivoting,
the bandwidth for storage purposes is

(4.21) FBW = 3:.DM+1 ,

and the storage per block has length FBW.NR.NZ. There are NSPEC diagonal
blocks; hence the storage requirement for PW is given by

(4.22) SNPW = FBW-NR-NZ-NSPEC .
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Thus we set

(4.23) COMMPN/GEARG/GPW (SNPW)
COMMPN/PWSIZE/NPW

(4.24) NPW = SNPW

where SNPW for the iterative version is determined from (4.22). The storage
requirement for AL in the iterative version is the same as in the direct
version. Thus we have

(4.25) SNAL = FBW<NR-NZ ,
and the common statements

(4.26) COMMPN/ALHS/AL (SNAL )
COMMPN/ALSIZE/NAL
NAL = SNAL

In summary, the iterative version has the same storage requirement for
AL as the direct version, but the storage requirement for PW is determined
by (4.22) in the iterative version. The basic form of the Master Driver is
the same as the form given for the direct version.
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5. DESCRIPTION OF USER-SUPPLIED DATA

For the computational phase of DISPL, the program requires the user-
supplied subroutines discussed in section 4, certain Mortran macro input,
unit assignments, and input data. In this section we discuss this additional
information as well as the corresponding needs of all three of the optional
graphics programs. In section 5.1 we discuss the Mortran macros and unit
assignments for the computational and graphics programs in DISPL. The name-
list input for the computational phase is discussed in section 5.2 and 5.3,
i.e. namelists GRID and DATA. The graphics namelists are discussed in
sections 5.4-5.7. Specifically, namelist FORMAT is used in all three graphics
packages and is discussed in section 5.4. Namelist CSPIN (section 5.5) pro-
vides the remaining input for the cross-section plot package; namelist CNTRIN
(section 5.6) provides the remaining data for the contour graphics package;
and namelist DIM3IN (section 5.7) provides the remaining data for the three-
dimensional perspective plotting package. The only user-supplied subroutine
in the graphics packages occurs in the cross-section plotting package. In
this program the user can plot the analytic solution and, in this case, he
must provide a single precision version of subroutine ANAL.

In section 5.8 we discuss restart procedures used in the computational
phase of the code. Finally, in section 5.9 we illustrate Job Control Language
(JCL) instructions that can be used in executing the DISPL package on an
IBM 370/195, and also describe the organization of the tape containing the
DISPL code.

Before discussing the macros, unit assignments, and namelists, we begin
with a general discussion of the namelist feature for users unfamiliar with
it. For concreteness we discuss namelist feature in connection with the
input data for the computational phase of the code.

For each problem, three sets of input data cards are required. Recall
that a complete problem may consist of:

(a) a steady-state calculation, or
(b) a transient calculation, or
(c) a steady-state followed by a transient calculation.

Consider the last situation. We divide the input data into three sections.



The first section consists of that data which is unchanged in passing from a
steady-state to a transient calculation (e.g. specification of the domain
including the approximation grid and interfaces, number of species, order of
the approximating piecewise polynomials, etc.). The second section consists
of the remaining data necessary to specify the problem (e.g. boundary values,
gap data, reaction coefficients, essential side indicators, output control,
etc.). Some or all of the data in the second section can be changed just
prior to a transient calculation by resetting this data in the third input
data section. Thus, for example, in situation (c), the program uses the
first two sections of input data for the steady-state calculation, and the

first two sections subject to modifcations in the third section for the
transient calculation.

These three sections of input data are communicated to the program via
the Namelist feature of Fortran. Namelist uses a free-format similar to
ordinary assignment statements and is described in [13, pp. 54-55]. 1In
Namelist terms, the first input section is called GRID, while the other two
are called DATA. The data cards thus have the form

&GRIDb free-format statements
free-format statements

REND
&DATAb free-format statements
free-format statements

&END
&DATAb free-format statements
free-format statements

8END
The "&GRID" and "&DATA" must begin in column 2 and must be followed by a
blank, i.e. the "b" indicated above. A1l other cards may begin in any column

other than column 1. The "&END" can be on a separate card or at the end of
the last free-format card. The free-format cards have the following form.

A=1.,B=2.,3.,B(3)=4.,

where, in this case, A is a variable set to 1. and the first three elements
of the vector B are set to 2., 3., and 4., respectively. Any number of blank

columns can follow each comma. Thus, one convenient way of using the namelist
format is to put only one variable or vector component on a card, e.g.
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and so allow for easy modification of the input cards. It is recommended
that two- and three-dimensional data be entered with explicit subscripts for

readability.

The three namelist groups must be provided even if they are not used,
i.e. even if there are no variables to be read in, the "&DATA" and "&END"
must be provided for the third set of data cards. The variables within a

given namelist input can be in any order.

5.1 Mortran Macros and Unit Assignments

Before describing these namelist variables we discuss some other inputs
the user must provide which are referred to in the definition of these
variables. First, the computational phase of the program has the ability to
dump information on unit 11 which can be used for later restart calculation.
The restart reads data from unit 10 and when it dumps, the dump is on unit 11.
Notice that this procedure will allow multiple restarts from a fixed set of
dump information. The user must therefore assign units 10 and 11 (to disk or
tape datasets). The program also writes data on unit 12, optionally, for use
in later graphical analysis. Again, the user must assign this unit. The
assignment of units 10, 11 and 12 must be done even if the program does not
use these units.

One of the advantages of using MORTRAN is that the size of storage arrays
are specified in macro variables. These variables and many of the common
blocks in the code are given in a macro dataset located on the first file of
the tape of the code. The macro dataset is assigned to unit 2 during compila-
tion. (The computational code itself is on the second file, the B-spline
package is on the third file, and the graphics programs are on the fourth
through sixth files.) By changing the values of the following macro integer
variables, the Fortran code produced by the Mortran processor will be corres-
pondingly changed.

MAXBRK....integer macro for the maximum number of breakpoints in either

the r or z direction. In either direction this number is a
bound on the sum of the interior mesh points, interface points,



and end points.

MAXTQD....integer macro for the maximum total number of quadrature points
per mesh interval in either the r or z direction.

MAXSP..... integer macro for the maximum number of species.

MAXGAP....integer macro for the maximum number of gap interfaces in
either coordinate direction.

MAXK...... integer macro for the maximum order of splines in either
direction.

MAXNOT....integer macro for the maximum number of spline knots in either
direction.

MXNRNZ....integer macro for the maximum number of variables permitted for
any single species.

MXNVAR....integer macro for the maximum number of total variables.

MXRGRD. ...integer macro for the maximum number of points in the r direc-
tion for the user-specified grid.

MXZGRD....integer macro for the maximum number of points in the z
direction for the user-specified grid.

INFILE....integer macro for the standard input unit.

DUMPRD....integer macro for the unit from which a restart is read.

DUMPWR....integer macro for the unit on which a dump is written.

GRAPHWR. . .integer macro for the unit on which the unformatted graphics

information is written.

At the time of compilation, these macros should be selected with some
care since they determine some of the core requirements of the code. To fix
our attention, consider the following choices for these macros.

MAXBRK=30, MAXTQD=4, MAXSP=2, MAXGAP=2, MAXK=4, MAXNOT=40, MXNRNZ=100,

MXNVAR=100, MXRGRD=20, MXZGRD=20, INFILE=5, DUMPRD=10, DUMPWR=11,

GRAPHWR=12.

With these values, and the choice NPW=NAL=784 in the common statements for AL
and GPW appearing in the Master Driver routine (see section 4.10), the direct
version requires 362K bytes of machine memory on an IBM 370/195 computer. In
order to judge the effect of changing these macros, we 1ist the arrays which

depend on these macros.

Real arrays

A(MAXK,MAXTQD,MAXBRK), APRIM(MAXK,MAXTQD,MAXBRK), B(MAXK,MAXTQD,MAXBRK),
BPRIM(MAXK,MAXTQD ,MAXBRK)

AINT(MAXK,MAXBRK), BINT(MAXK,MAXBRK)
AAINT (MAXK,MAXK,MAXBRK) , BBINT(MAXK,MAXK,MAXBRK)
HVGAP (MAXGAP ;MAXBRK,MAXSP ), HHGAP(MAXGAP ,MAXBRK ,MAXSP)
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AAINT (MAXK,MAXK,MAXBRK) , BBINT(MAXK,MAXK,MAXBRK)
HVGAP(MAXGAP,MAXBRK,MAXSP), HHGAP (MAXGAP ,MAXBRK ,MAXSP)

HU1(MAXBRK ,MAXSP) , HU2(MAXBRK,MAXSP) HU3(MAXBRK ,MAXSP) , HU4 (MAXBRK ,MAXSP)
H1(MAXBRK,MAXSP), H2 (MAXBRK,MAXSP) , H3(MAXBRK,MAXSP) , H4 (MAXBRK,MAXSP)
RGAU(MAXTQD,MAXBRK) , ZGAU(MAXTQD,MAXBRK) , R2PI(MAXTQD,MAXBRK)

CK(MAXSP ,MAXSP) , CKK(MAXSP ,MAXSP ,MAXSP)

ALPHA(MAXSP,4), BETA(MAXSP,11), GAMMA(MAXSP,11) BRK)

R(MAXBRK), Z(MAXBRK), WR(MAXTQD), WZ(MAXTQD)

HSIG(MAXBRK), HTAU(MAXBRK), RG2PI(MAXBRK), RIF(MAXBRK), ZIF(MAXBRK),
RMESH(MAXBRK) , ZMESH(MAXBRK)

RKNOT (MAXNOT), ZKNOT(MAXNOT)
RGRID(MAXRGRD), ZGRID(MXGRD)

Integer arrays

IL(MAXBRK), JL(MAXBRK)

SVGAP(MAXBRK), THGAP(MAXBRK)

MLTAB(MAXBRK ,MAXBRK) , MATL(MAXBRK,MAXBRK)
IFTYPR(MAXBRK) , IFTYPZ(MAXBRK)

NS1(MAXSP), NS2(MAXSP), NS3(MAXSP), NS4(MAXSP)
IGDSIG(MXRGRD), JGDTAU(MXZGRD)

We now consider the unit assignments and macro variables associated with
the graphics programs. In all three cases the graphics programs read the
graphics dataset created on unit 12 by the computational phase of DISPL. For
a particular graphics run this dataset must be again assigned to unit 12.

The graphics programs are all written in Mortran and utilize the same macro
dataset as was used in the computational phase. This dataset must be assigned
to unit 2. Except for the assignment of graphics JCL [9] there are no other
units required for the cross-section plot (CSP) or the three-dimensional per-
spective (THREED) programs. However, the contour program (CONTAR) does re-

quire additional information. This program generates a dataset on unit 13

(and must therefore be assigned) which is in a format acceptable for the



CONTOUR.BLACKBOX program available at ANL [11]. The BLACKBOX program is then
executed as a second job step after CPNTPR has completed its execution.

The Macro variables used in a given execution of a graphics program must
be compatible with the Macros used in the computational phase of DISPL. That
is, certain Macro variables used in generating the graphics dataset on unit
12 during the computational phase must have the same value when used in a
graphics execution. These variables are MAXSP, MAXK, MXNRNZ, MXNVAR,

MAXBRK, and MAXNOT. In addition, other Macro variables must be set. The
Macro dataset which is on the first file of the tape is designed to simplify
this task. This dataset is compatible with all of the graphics programs as
well as the computational phase of DISPL. Thus, by using the same version of
this dataset for all of the programs in DISPL we assure the compatibility of
MAXSP, MAXK, MXNRNZ, MXNVAR, MAXBRK, and MAXNOT. The following Mortran
variables are used only by the graphics programs and must be set for a given
compilation of a graphics program.

MAXFRM. .. .integer Macro for the maximum number of duplicate graphs to be
created by the CSP program. These duplicate frames are gen-
erated only in CSP and only in the cinema mode.

MAXINT....integer Macro which must be set to twice MAXBRK. This number
is only used in the CSP program.

NRES1..... integer Macro for the maximum number of points to be plotted
on curves in the CSP program. Notice that this value is an
upper bound on the Namelist FORMAT variable NRESIN when used
in the CSP program.

MRES...... integer Macro which must be set to NRES1+2. This value is
used only in CSP.

NRESD..... integer Macro for the maximum number of grid points used along
each axis in the CONTPR and THREED programs. This value is
used only in those two programs and is an upper bound on
NRESIN when used in connection with these programs.

NWORK. . ... integer Macro for the size of a workspace array used only in
the THREED program. NWORK should be 2*NRESD+4.
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5.2

MXGNUM. . ..integer Macro for the maximum number of time plots generated
by CONTPR or THREED. This macro is used only in those two
programs and is associated with arrays which are used only if
ITIME in Namelist CNTRIN or DIM3IN is true. In this situation
MXGNUM is an upper bound on the Namelist FORMAT variable IGNUM.

MXGRP..... integer Macro for the maximum number of frames to be plotted
for a given time value in the CSP program.

Namelist GRID

We next describe the input variables in GRID and their default values,

. values used if not specified.

KRoe'vnntt integer variable for the order of the spline approximation in

the r-direction.
KR=4, (Default value) (1 < KR < MAXK < 12)

KZ....u... integer variable for the order of the spline approximation in

the z-direction.
KZ=4, (1 < KZ < MAXK < 12)

NQR....... integer variable for the order of quadrature formula used for

r-direction integration.
NQR=MAX(KR,1) (1 < NQR < MAXTQD < 12)

NQZ....... integer variable for the order of quadrature formula used for
z-direction integration.
NQZ=MAX(KZ,1) (1 < NOZ < MAXTOD < 12)
However, these are conservative choices. The choices
NQR=KR-1 and NQZ=KZ-1 seem to be optimal. See Sample problem
7.4 for a further discussion.

NSPEC..... integer variable for the total number of chemical species.
NSPEC=1, (1 < NSPEC < MAXSP)

DELTA..... integer variable for geometry selection. Use 0 for rectangu-
lar geometry, 1 for cylindrical geometry, and 2 for spherical
geometry (one dimension only).

DELTA=0,



IFTYPR. ...

IFTYPZ....

real variable for the left hand boundary of the domain.
RLOW=0.0,

real variable for the right hand boundary of the domain.
RUP=1.0,

real variable for the lower boundary of the domain.
ZLOW=0.0,

real variable for the upper boundary of the domain.
ZUP=1.0,

R axis.
NTIR=0, (0 < NTIR < MAXBRK)

integer variable for the total number of interfaces along the
Z axis.
NTIZ=0, (0 < NTIZ < MAXBRK)

real vector of interface mesh points (R coordinate).
RIF=0.0,0.0,... (vector is initialized to zero) (Dimension is
NTIR)

real vector of interface mesh points (Z coordinate).
Z1F=0.0,0.0,... {vector is initialized to zero) (Dimension is
NTIZ)

interface type indicator integer for r-direction. Use 0 for
a gap interface, or 1 for a continuous interface. (Notice

that all r-direction interfaces at a particular r-coordinate
are therefore of the same type.)
IFTYPR=1,1,... (Dimension is NTIR)

interface type indicator integer for z-direction. Use 0 for a

'gap interface or 1 for a continuous interface. (Notice that

all z-direction interfaces at a particular z-coordinate are
therefore of the same type.)
IFTYPZ=1,1,... (Dimension is NTIZ)

integer variables of the total number of non-interface mesh
points in the r-direction (not including the end points RLOW
and RUP).

NMR=0. (0 < NMR < MAXBRK)
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integer variable of the total number of non-interface mesh
points in the z-direction (not including the end points ZLOW

and ZUP).
NMZ=0, (0 < NMZ < MAXBRK)

real vector of non-interface mesh points (r-coordinate). If
the vector RMESH is omitted, the code will use NMR to generate
a set of equally spaced interior points.
RMESH(I), I=1,NMR

real vector of non-interface mesh points (z-coordinate). If
the vector ZMESH is omitted, the code will use NMZ to generate
a set of equally spaced interior points.
IMESH(J), J=1,NMZ

integer variable of continuity (in the r-direction) across
mesh points. (0 < CANTR < KR-1)
CONTR=KR-1, (the default value is set to KR-1)

integer variable of continuity (in the z-direction) across
mesh points. (0 < CONTZ < KR-1)
COANTZ=KR-1,

integer vector of continuity indices (in the r-direction) at

non-interface mesh points. These values can be used to over-

ride the continuity value CANTR at specified non-interface

mesh points.

INUR=C@ONTR,CONTR,... (the default value of CPNTR is set by
the code) (Dimension is NMR)

integer vector of continuity indices (in the z-direction) at

non-interface mesh points. These values can be used to over-

ride the continuity value CPNTZ at specified non-interface

mesh points.

INUZ=C@NTZ,CONTZ,... (Dimension is NMZ)

two-dimensional integer array of material indices. MATL is
dimensioned (MAXBRK,MAXBRK) and is defined for

MATL(I,J) I=1,...,NTIR+1
J=1,...,NTIZ+1

The default is MATL=1,1,...



ALGBCS. ..

CONSRV. ..

IREVLA...

INITSW..

GUESSW. ...
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.logical indicator for selecting method of treating algebraic

boundary conditions. If ALGBCS is true, the values of the
boundary conditions as provided through the user-supplied
subroutine BRHP are used. If ALGBCS=F, the user routine
BRHADT is used to provide the boundary conditions. Note that
in BRHADT one must provide the time derivative of the essential
boundary values. If ALGBCS=F, BRHP can be a dummy routine,
while if ALGBCS=T, BRH@DT can be a dummy routine.

ALGBCS=T,

.logical indicator of selecting conservative or substantial

derivative form of convection term. If CANSRV is true, the
conservative form is used. If CPNSRV is false the substantial
derivative form is used.

CONSRV=T,

.vector of logical variables for indicating the presence of a

heat capacity coefficient in the time derivative term. IREVLA
has dimension NSPEC and IREVLA(K)=T, indicates that
[pCp]K(T,R,Z,ﬁ) £ 1.0; in this case the left hand side of Eq.
(3.1) is reevaluated at each time step unless IRHO(K)=T.
IREVLA=F,F,...

..vector of logical variables for indicating whether [pC ]K = 0 or

not. IRHA(K)=T, implies that [pCp]K = 0. IRHP(K)=F, implies that
[pCp]K £ 0. See Note at end of namelist GRID (page 78).
IRHP=F,F,...

..logical indicator for using the user-supplied subroutine

INDATA to provide an initial estimate of the solution for the
steady-state calculation or initial conditions for the
transient calculation.

INITSW=T,

logical indicator for using the program's initial estimate of
the solution for the steady-state calculation. Whenever possi-
ble the user should provide an initial estimate for a steady-

state calculation.
GUESSW=T,



STEDSW....logical indicator for doing a steady-state calculation.
STEDSW=T,

TRANSH. . ..logical indicator for doing a transient calculation. A transient
calculation expects initial conditions. These can be provided by
either the initial spline coefficients, a least squares fit to the
initial data (INITSW=T,) or a steady-state calculation.

TRANSW=T,

ISTDFQ. ...integer variable for the frequency of output from the steady-
state calculation. Output occurs every ISTDFQ time steps
after the first time step. Output also occurs on the first
time step. (Notice that ISTDFQ < O is meaningless.) The out-
put includes an evaluation of the approximate solution at the
Gaussian point grid (or optionally on user-specified grid) and
may also give the error at points on the grid via calls to
user-supplied subroutine ANAL.

ISTDFQ=10,

IRGRD..... integer variable of the number of points in the r-direction
for the optional user-specified output grid. If IRGRD=0 then
the tensor product of the Gaussian points in the r and z
direction is used to form the output grid. If IRGRD is posi-
tive, then the grid used is the tensor product of RGRID and
ZGRID (see below). For a one-dimensional problem in z, set
IRGRD=1,.
IRGRD=1, (0 < IRGRD < MXRGRD)

RGRID..... real vector of IRGRD points in the r-direction for user's
specified grid. When IRGRD=0 or 1, the vector RGRID is not
needed. When IRGRD > 2, the vector RGRID can be omitted. In
this case, the code generates a set of IRGRD equally spaced
output points RGRID(I) such that the first point is equal to
RLOW and the last point is equal to RUP.

JZGRD..... integer variable of the number of points in the z-direction
for user's specified grid. For a one-dimensional problem in
r, set JZGRD=1,.
JZGRD=1, (0 < JZGRD < MXZGRD)



ZGRID.....

ISTDRS. ...
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real vector of JZGRD points in the z-direction for user's speci-
fied grid. When JZGRD=0 or 1, ZGRID is not needed. When JZGRD
> 2, ZGRID can be omitted in which case the code generates
equally spaced output points, the first and last being ZLOW and
ZUP.

integer vector indicating order of derivatives computed on the
user-supplied output grid. The code always provides the
approximate solution (either user-supplied or Gaussian). How-
ever, if a user-supplied grid is used, partial derivatives of
the approximation can be requested. IORD is a vector of, at
most, fifteen components. Each component is an integer of the
form 10*I+J and will cause the mixed partial of order I with
respect to R and order J with respect to Z to be computed.
Thus 10RD = 10,11, will cause 2K} ang gggg)
well as U(K) for all K. Notice that the user need not specify
I=J=0 (the function value case).

IORD=0,0,...

to be computed as

logical indicator for giving the analytic solution in user-
supplied subroutine ANAL. If IANAL=F, subroutine ANAL can be

a dummy routine. If IANAL=T, subroutine ANAL is used to compute
the steady state or the transient solution on the Gaussian or
user-specified grid.

IANAL=F,

logical indicator for restarting the steady-state calculation
from a dump. This indicator and the next two indicators can be
used to restart a calculation from a dump generated during a
previous run. The code dumps information under the following
four conditions: 1if it detects that time is expiring during a
steady-state calculation; at a normal conclusion of a steady-
state calculation; if it detects that time is expiring during
a transient calculation; and at the normal conclusion of a
transient calculation. Only the Tast dump during a given run
is meaningful since each dump writes from the beginning of the
file. Thus to generate a dump at the normal conclusion of the
steady-state calculation, set TRANSW=F. (See §5.8 for further
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DUMPSW. ...

ITRARS....

information about restarting.) The ISTDRS indicator is asso-
ciated with restarting the first type of dump, the DUMPSW
indicator is associated with restarting the second type; and
the ITRARS indicator is associated with the third type. The
fourth type of dump can be utilized as follows: Set up an
array of UTPUT of dimension N2 and set NUTPUT = N1<N2. The
program will then dump at T=UTQUT(N1). On the restart run set
INITSW, GUESSW and STEDSW to false and TRANSW to true and use
NTQUT=N2. The calculation will restart from UTPUT(N1) and
process to UTPUT(N2). To restart a steady-state calculation
set ISTDRS=T, INITSW=F, GUESSW=F, and STEDSW=T. The code will
then read the current value of the approximating coefficients
and time (variables W and T, respectively) from unit 10.

ISTDRS=F,

logical indicator for reading coefficients from unit 10. If
the dump in a previous run occurred at the normal conclusion
of the steady-state calculation, the code dumped the final
coefficients. By setting DUMPSW=T, these coefficients can be
read from unit 10 and can be used in either a new steady-state
or transient calculation.

DUMPSW=F,

logical indicator for restarting a transient calculation which
ran out of time. If ITRARS=T, then the current value of the
approximate coefficients and time (variables W and T, respec-
tively) are read from unit 10. When ITRARS is true, INITSW,
GUESSW, and STEDSW must be false and TRANSW must be true.
ITRARS=F,

If [pCp]
If
[pcp]

IRHP(K)=

If [pCp]

(K) = 1 use IREVLA(K)=F, and IRH@(K)=F, (both default values).
(K) = 0 use IREVLA(K)=T, and IRH@(K)=T, (IREVLA(K)=F, and

T, can also be used -- it generates a warning message).

(K) £ 1 and # 0 use IREVLA(K)=T, and IRH@(K)=F,.
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5.3 Namelist DATA

As mentioned earlier there are two sets of Namelist DATA. The first set
is read once immediately after GRID before any calls to the calculation
drivers. The second set is read just before the call to TIMEX, the transient
driver. Thus the first set is read before either a steady state or a transient
calculation is started, while the second set is read just before a transient
calculation is started. If a steady-state calculation is to be followed by a
transient calculation, the first set is used to define the steady-state case
while the second set is used to define the transient case. If there are no
changes in the variables appearing in the first set of Namelist DATA, then the
second set can be a null set. Furthermore, the second set need only contain
those variables in Namelist DATA which are changed when passing from a steady-
state to a transient calculation. The variables and defaults for Namelist
DATA are as follows.

Weereoonen real vector of spline coefficients. W is an array of dimen-
sion MXNVAR. This array can be used to specify the initial
values for either a steady-state or a transient calculation by
setting INITSW=F, in Namelist GRID. However, since W is an
array of spline coefficients, it can be specified only in
exceptional circumstances (cf. sample problem 7.4). Moreover,
in order to specify W one must know the ordering of W used in
the code. This ordering is discussed in section 4.10.
W=1.0,1.0,...,

ALPHA..... real variable array of boundary value coefficients. ALPHA is
dimensioned (MAXSP,4) and the user must provide

ALPHA(I,J) I=1,2,...,NSPEC
J=1,2,3,4 (side index)

The default is ALPHA=0.0,0.0,...,

BETA...... real variable array of boundary value coefficients. BETA is
dimensioned (MAXSP,4) and the user must provide

BETA(I,J)

1=1,2,...,NSPEC
J=1,2,

3,4 (side index)

The default is BETA=1.0,1.0,...,



GAMMA..... real variable array of boundary value coefficients. GAMMA is
dimensioned (MAXSP,4) and the user must provide

GAMMA(I,J) I=1,2,...,NSPEC .
J=1,2,3,4 (side index)

The default is GAMMA=0.0,0.0,...,

NS1(K)....integer indicator for essential boundary conditions of side 1 for
K-th species. If NS1(K)=1 then the boundary condition is essen-
tial, i.e. BETA(K,1)=0. If NS1(K) is O then the boundary condition
on side 1 is non-essential for species K. When NS1(K)=-1, no
boundary condition is imposed on side 1 for species K.t
NS1=0,0,...

NS2(K)....integer indicator for essential boundary conditions on side 2 for
the K-th species. See description of NS1 indicator.

NS2=0,0,...

NS3(K)....integer indicator for essential boundary conditions on side 3 for
the K-th species. See description of NS1 indicator.
NS3=0,0,...

NS4(K)....integer indicator for essential boundary conditions on side 4 for
the K-th species. See description of NS1 indicator.
NS4=0,0,...

For the standard Dirichlet or Newmann condition see the variables DRCHLT and
NEUMAN at the end of this namelist.

HUl....... real array of boundary function h for side 1. HUl is dimensioned
(MAXBRK,MAXSP) and the user must provide

HU1(I,K) I=1,2,...,NTIZ+1
K=1,2,...,NSPEC

The default value is HU1=1.0,1.0,...,

HUZ....... real array of boundary function h for side 2. HU2 is dimensioned
(MAXBRK,MAXSP) and the user must provide

HU2(I,K) 1=1,2,...,NTIR+1
K=1,2,...,NSPEC

The default value is HU2=1.0,1.0,...,

T :
When specifying the indicators NS1(K), NS2(K), NS3(K i '
, , ), and NS4(K) in Namelist
DATA (pp. 79-80), the user must be sure to also specify the coirlsponding
gqlues of ALPHA(K,I), BETA(K,%), and GAMMA(K,I). These values can be specified
irectly or by use of the logical indicators DRCHLT(K,I) or NEUMAN(K, 1)
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HU3.......real array of boundary function h for side 3. Description is

as for HU1L.
HU3=1.0,1.0,...,

real array of boundary function h for side 4. Description is
as for HUI.
HU4=1.0,1.0,...,

real array of gap coefficients in the z-direction. HVGAP is
of dimension (MAXSP,MAXBRK,MAXBRK) and the user must provide

HVGAP(K,I,J) K=1,2,...,NSPEC
I=1,2,...,number of vertical gaps along R
J=1,2,...,NTIZ+1

Default value is HVGAP=0.0,0.0,...,

real array of gap coefficients in the r-direction. HHGAP is

of dimension (MAXSP,MAXBRK,MAXBRK) and the user must provide
HHGAP(K,J,1) 1,2,...,NSPEC

1,2,...,number of horizontal gaps along Z

1,2,...,NTIR+1

K
J
I
Default value is HHGAP=0.0,0.0,...,

real array of first order reaction coefficients. CK is of
dimension (MAXSP,MAXSP) and the user must supply

CK(K',K) K'=1,2,...,NSPEC

K=1,2,...,NSPEC

where CK(K',K) is the first order reaction coefficient from the
K'-th species into the K-th species. The terms CK(K',K)*u(K")
are summed over K' to form the total first order reaction source
into the K-th species. The default value is

CK=0.0,0.0,...,

real array of second order reaction coefficients. CKK is of
dimension (MAXSP,MAXSP,MAXSP) and the user must supply
1,2,...,NSPEC

1,2,...,NSPEC

1,2,...,NSPEC

CKK(1,J,K)

I
J
K

where CKK(I,J,K) is the second order reaction coefficient from
the I-th and J-th species into the K-th species. The terms
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NUTOUT....

NUFREQ....

CKK(I,J,K)*U(I)*U(J) are summed over I and J to form the total
second order reaction source for the K-th species. The default

value is
CKK=0.0,0.0,...,

real variable for initial time at start of transient calculation.
T70=0.0,

integer variable related to the frequency of output during the
transient computation. NUTQUT is the number of major time
values in the array UTOUT (see below).

NUTOUT=2,

real vector of NUTOUT major time values. Note that UTOUT(1) is
the time at which the transient calculation begins and must
agree with TO, the physical initial time. UTOUT is of dimen-
sion 100 and its default value is

uTtour=0.0,1.0,2.0,0.0,0.0,...,

integer variable of the number of equally spaced points on each
interval [UTPUT(I),UTQUT(I+1)). Output will occur at each such
point. If NUFREQ=1 then output will occur at each time UTPUT(I),
1 < T < NUTPUT. Notice that NUFREQ < O is meaningless.

NUFREQ=1,

GRAPH..... lTogical indicator to write output of unit 12 for later use in

NUMGRF. ..

MXGORD. ..

graphic analysis. This output will occur during each ordinary
output for the steady-state or transient calculation.
GRAPH=F,

-number of run. This integer variable is written on unit 12 and

is used by the graphics programs to identify the run which pro-
duced the graphics file.

NUMGRF=0,

real variable of accuracy requirement for the GEAR subroutines

used in solving the ordinary differential equations system.
EPS=.0001,

real variable of initial step size for GEAR calculation.
HINIT=.001,

.integer variable for selecting the maximum order used in the ODE

solver. MXGORD must be between 1 and 5.
MXGORD=5,



IPRSW1...

IPRSW2. ..

IPRSW3....

IPRSW4. ..

IPRSWS. ..

IPRSWG. ...

.integer variable for certain additional output from subroutine

INPROC. If IPRSW1=0 print will not occur. If IPRSW1=1 the
print will occur. (This print switch and the following print

switches are primarily of use for debugging the code.)
IPRSW1=0,

.integer variable for additional output from subroutine INIFIT

and certain output from subroutine INPROC. (See description
of IPRSW1.)
IPRSW2=0,

integer variable for additional output from subroutine GFUN
and certain output from subroutine PEDERV. (See description
of IPRSW1.)

IPRSW3=0,

.integer variable for additional output from subroutines GUESS1,

RHS, and TIMEX. (See description of IPRSW1.)
IPRSW4=0,

.integer variable for certain additional output from subroutine

PEDERV. (See description of IPRSW1.)
IPRSW5=0,

integer variable for additional output from subroutine BLKSOR
(in the iterative version of the code only).
IPRSW6=0,

DRCHLT(K,I)..logical indicator specifying that the K-th species on side

I satisfies a Dirichlet boundary condition. DRCHLT(K,I)=T,
will set NSI(K)=1, ALPHA(K,I)=1.D0, BETA(K,I)=0.DO0, and
GAMMA(K,1)=1.DO0.

DRCHLT(K,I)=F,

NEUMAN(K,I)..logical indicator for a Neumann boundary condition.

NEUMAN(K,I)=T, will set NSI(K)=0, ALPHA=0.DO, BETA=1.D0, and
GAMMA=1.D0.
NEUMAN(K,I)=F,

83
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5.4 Namelist FORMAT

This and the following three namelists provide the input for the graphics
programs which are available with this code. The first namelist, FARMAT, pro-
vides variables common to all three of the graphics packages. The first
graphics package is CSP which provides a one-dimensional cross section plotting
capability. The namelist for this package is CSPIN. The second graphics pack-
age is CONTPR which provides a contour plotting capability. The namelist for
this package is CNTRIN. The third graphics package is THREED which provides
perspective surface plotting capability. The namelist for this package is DIM3IN.

The graphics programs will process files that were generated by several
calls to EXEC. For each complete problem being graphed (that is for each time
EXEC was called), the graphics program reads Namelist FPRMAT and either Namelist
CSPIN, CNTRIN, or DIM3IN. For example, if EXEC was called twice and we are using
the CSP program, we need Namelist FORMAT and CSPIN followed by Namelist FPRMAT
and CSPIN.

In discussing the namelist input for these graphics packages, the following
terminology will be used. A frame is a physical plotting area, and for each
time value one can have several frames. In the CONTPR and THREED package there
is just one coordinate axis per frame and one curve (contour, surface plot) per
axis. In the CSP package, one can have one or more coordinate axis per frame
with the same number of axis in each frame. If there is more than one axis per
frame, then there can be only one curve per axis. On the other hand if there is
one coordinate axis per frame, then there can be several curves per axis.

The following variables are in namelist FPRMAT.

ITRTV..... integer variable indicator specifying which version of the code
was used to generate to graphics dataset (unit 12). This indica-
tor establishes the ordering assumed for the spline coefficients.
If ITRTV is 1, the ordering assumed is that used in the iterative
version. If ITRTV is anything else, the ordering is assumed to

be that used in the direct version of the code.
ITRTV=0,

IGNUM..... integer variable for the number of curves (or contours or three-

dimensional perspectives) to be produced at each time value.
IGNUM=1, (1 < IGNUM < MXGNUM)

NRESIN....integer variable for the number of grid points used for
graphical purposes in each coordinate direction. For CSP it
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is recommended to use 200 < NRESIN < 1000. For CONTPR and
THREED recommended values of 10 < NRESIN < 50.
NRESIN=NRES1, for CSP (1 < NRESIN < NRES1)

NRESIN=NRESD, for CONTPR or THREED (1 < NRESIN < NRESD)

logical variable for use in time plots. When ITIME=T, the
graphs generated will involve time as one of the independent
variables. In the case of CSP, the solution at a given point
is plotted as a function of time. At present this plot con-
sists only of points without any connecting curve. In the
case of CONTPR, contours are plotted on a plane in which the
horizontal axis is time, and the other axis is a line parallel
to either the r or the z axis. This line is specified by
setting RMIN,ZMIN,RMAX,ZMAX in Namelist CNTRIN. In the case
of THREED, the independent variables are the same as in
CONTPR, however, the coordinates of the line are specified in
Namelist DIM3IN rather than CNTRIN. Note: for CONTPR and
THREED, the time values must be equally spaced.

ITIME=F, (Default value)

integer variable for the number of time values used when
ITIME=T. When ITIME=F, this variable can be ignored.
NTIME=NRES1, (Default for CSP) (1 < NTIME < NRES1)

NTIME=NRESD, (Default for CONTR and THREED) (1 < NTIME < NRESD)
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5.5 Namelist CSPIN

The variables described here are used in the cross section plotting (csp)

program only.

[FORMT. ...

YAXMIN. ...

YAXMAX. ..

integer variable indicator for cinema mode. If ICN=1 the code
uses its cinema mode to produce multiple copies of each frame

during graphing. If ICN is anything else, cinema mode is not

used and only one copy of each frame may be requested.

ICN=0,

integer indicator for grouping format of graphs. If IFPRMT is
set to 1, the graphs will be produced in packed format. That is,
all the curves in a frame will be plotted on a single set of
axes. If IFPRMT is set to anything else, the code will use its
separate mode. In this mode each curve on a given frame will be
plotted on a separate set of axes. Thus multiple sets of axes
will occur on a single frame.

IFPRMT=0,

logical indicator for graphing the analytic solution. If IANAL
is TRUE, the analytic solution for each species is plotted along
with the numerical solution. In this case the user must supply
a SINGLE PRECISION version of SUBROUTINE ANAL. If IANAL is
FALSE the analytic solution will not be plotted although a dummy
version of SUBROUTINE ANAL must be provided.

IANAL=F,

real vector used as an estimate of the minimum value of the ordi-
nate for all curves in a given frame (where the frame number for
a given time is defined in LGRPUP). This estimate is checked by
the CSP code and is used if it is reasonably close to the actual
minimum value needed for all the curves within the given frame.
By proper selection of YAXMIN and YAXMAX a constant vertical axis
range can be used for all time values in a frame, e.g. for movie
generation. Since there is a separate estimate for each frame
there are m?x(LGRﬂUP(I)) components in YAXMIN and YAXMAX.

YAXMIN=0.0,0.0,

.real vector used as an estimate of the maximum value of the ordi-

nate for all curves in a given frame. This vector is used with
YAXMIN in establishing an initial vertical axis range for each



LGRAUP. ...

LORDER. ...
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frame.
YAXMAX=1.0,1.0,

integer vector relating species numbers with curves. The
vector ISPEC is used to identify the Ith curve with a graph of
species ISPEC(I). This vector has IGNUM components. Fre-
quently we select ISPEC(I)=I so that we simply plot each
species. Note, however, that a given species can be asso-
ciated with several curves, e.qg. ISPEC(I)=I0 for several
values of I.

ISPEC=1,2,... ,MAGNUM,

integer vector used to associate a given curve with a given
frame. In general, the Ith curve is plotted on the LGROUP(I)
frame. Thus the Ith curve plots the ISPEC(I) species on the
LGROUP(I) frame. Notice that if we wish to plot, say, the
first species on frames one and two we use ISPEC(1)=ISPEC(2)=1,
LGROUP(1)=1, and LGROUP(2)=2. There are IGNUM components in
LGROUP.

LGROUP=1,1,..., (1 < I < IGNUM)

integer vector used to order curves on frames. If IFORMT=1,
the LORDER(I) calcomp plotting symbol is used for the Ith
curve (see {10]), p. 16) for a sample of these symbols). The
selected symbol will be plotted at a few selected points along
the Ith curve. If IFORMT#1, the separate axes plots in the
frame will be ordered from the bottom of the frame, i.e. the
1™ curve will be the LORDER(I) plot from the bottom of the
LGROUP(I) frame. There are IGNUM components in LORDER.
Usually we use LORDER(I)=I.

LORDER=1,1,..., (1 < I < IGNUM)

real vector or r coordinates of the first endpoint of the
cross-sections. There is a separate cross-section associated
with each frame and thus there are m?x LGROUP(I) cross-sections
to provide. Each cross-section is provided by giving the r

and z components of the two endpoints of the cross-section

line. Thus, for the Ith frame, the 1ine used for the
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cross-section connects (A1(I),B1(I)) with (A2(I),B2(1)).
A1=0.0,0.0,..., (1 < I < MAX(LGROUP))

real vector of z coordinates of the first endpoint of the

cross-sections.
B1=0.0,0.0,..., (1 < I 5_MAX(LGROUP))

real vector of r coordinates of the second endpoint of the

cross-sections.
A2=1.0,1.0,..., (1 < I < MAX(LGROUP))

real vector of z coordinates of the second endpoint of the
cross-sections.
B2=1.0,1.0,..., (1 < I < MAX(LGROUP))



5.6 Namelist CNTRIN and Blackbox Input

In this subsection we describe the variables used in the contouring graphics
package CONT@R which appear in Namelist CNTRIN. This namelist, along with the
variables in Namelist FPRMAT, are the input to a Mortran program which generates
a dataset on unit 13 which in turn is input to the C@ANT@AUR.BLACKB@X package.
Later in this section we discuss BLACKBPX control cards necessary for generating
contour plots.

ISPEC..... integer vector of species numbers. The vector, just as the ISPEC

vector in Namelist CSPIN, specifies that for a given time value,
the Ith frame will be a contour plot of species ISPEC(I).

ISPEC=1,2,..., (1 < I < IGNUM)

RMIN...... real vector of minimum r coordinate to be contoured on the Ith
frame. There are IGNUM components in RMIN.
RMIN=0.0,0.0,..., (1 < I < IGNUM)

RMAX...... real vector of maximum r coordinate to be contoured on the Ith
frame. There are IGNUM components in RMAX.
RMAX=1.0,1.0,..., (1 < I < IGNUM)

ZMIN...... real vector of minimum z coordinate to be contoured on the Ith
frame. There are IGNUM components in ZMIN.
IMIN=0.0,0.0,..., (1 < I < IGNUM)

IMAX...... real vector of maximum z coordinate to be contoured on the Ith
frame. There are IGNUM components in ZMAX.
ZIMAX=1.0,1.0,..., (1 < I < IGNUM)

NRESR..... integer variable for the number of grid points used for the r
direction. This variable defaults to the value of NRESIN in
Namelist FORMAT.
NRESR=NRESIN,

NRESZ..... integer variable for the number of grid points used for the z

direction.
NRESZ=NRESIN,

After the execution of CONTPR, a dataset is generated on unit 13 which is
acceptable as input to CANTPUR.BLACKB@X. This dataset consists of card images
with a format of (1X,3F14.8,A3). While the information necessary to generate
the BLACKB@X control cards is given in [11], we next give the specific values
we used for these control cards in the examples. Notice that these are not
JCL control cards, but rather control cards needed by BLACKB@X.

89
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Card 1

1.TITLE

While a title can be given in columns 11-66, we left this blank.
Card 2

2 .KEYS 1 1 1 13

(Column 20 24 32 49,50)

The only non-default values used are BPRDER (col. 20) to draw lines every
inch on the plot, CANT@UR LABELING (col. 24) to label every contour line, P@ST
DATA (col. 32) to plot all of the data points, and TAPE INPUT (cols. 49-50) to
indicate that the data cards are on unit 13.

Card 3

3.SCALE 0.25 0.25

(Columns 31 40 41 50)

The only non-default values used are X UNITS PER INCH (cols. 31-40) and
Y UNITS PER INCH (cols. 41-50). We set these so that we plot 0.25 units per
inch in each direction.

Card 4
4.GRID 0.1

(Cotumns 31 40)

The only non-default value used is CPNTPUR INTERVAL (cols. 31-40). This
value is set to 0.1 so as to plot contours at intervals of 0.1. If this would
cause more than 125 contours, BLACKB@X automatically resets the interval so
that, at most, 125 contours are made.

Card 5
5.POST

Card 6
6. FARMAT (1X,3E14.6,A3)
(Columns 11 60)

The format of the data on unit 13 must be given in FPRTRAN specification
for in columns 11-60.

Cards 1-6 are repeated as many times as there are contours to be plotted.
For example, if we had IGNUM=1 and five time values there would be five contour

plots to generate. In this case we would have five packets of Cards 1-6.
After these cards we need a final card,

Card 7
8.5TppP
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5.7 Namelist DIM3IN

In this subsection we describe the values in Namelist DIM3IN which,
together with those in Namelist FORMAT, provide'the input data for the three-
dimensional perspective program (THREED).

The variables ISPEC, RMIN, RMAX, ZMIN, ZMAX, NRESR, and NRESZ as described
in section 5.6 are required to specify the species indices and the rectangular
plotting domain in r-z space. These variables are not repeated here for the
sake of brevity. We also need to specify the viewpoint of the surface and
bounds on the function axis.

RVIEW..... real variable describing the r coordinate of the viewpoint.
In terms of actual coordinates we view the three-dimensional
surface from the point (RVIEW,ZVIEW,FVIEW). It is recommended
that the viewpoint be initially selected to be a considerable
distance from the surface. On subsequent runs the viewpoint
may be refined. Note when ITIME=T, RVIEW is associated with
the time axis.
RVIEW=100.0,

ZVIEW..... real variable specifying z coordinate of viewpoint.
ZVIEW=100.0,

FVIEW..... real variable specifying function axis coordinate of view-
point.
FVIEW=100.0,

FMATMN....real variable used to provide an estimate of the minimum func-
tion value for all species over all time values. This
variable, along with FMATMX, can be set large enough to pro-
vide a constant function axis for all plots in a given run.
Otherwise, the code will adjust both FMATMN and FMATMX to
accommodate the data.

FMATMN=0.0,

FMATMX....real variables used to provide an estimate of the maximum
function value for all species over all time values.
FMATMX=1.0,
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5.8

Summary of Restart Procedures

Recall that the program writes restart data on unit 11, and reads restart

data from unit 10. Furthermore, the write on unit 11 will always occur when

any of the following circumstances occur.

If time expires during a steady-state calculation.

At the conclusion of a steady-state calculation.

If time expires during a transient calculation.

At the conclusion of a transient calculation. Note that the value of
NUTOUT determines where the transient calculation stops. For example, if
the UTOUT array has 21 time values and we set NUTOUT=8, then the program
will stop at the end of the first 8 time values in UTOUT. If one wished
to continue, then on a subsequent restart, one would set 8 < NUTOUT < 21.
The program will then proceed from UTOUT(8) to UTOUT(NUTOUT).

The general procedure for a restart is as follows.

(a)

(b)

(c)

(e)

Assign the previously written restart dataset to unit 10 (it was pre-
viously assigned to unit 11).

Assign to unit 11 the dataset on which the restart data will be written
at the conclusion of this run.

In Namelist GRID set

INITSW=F,

GUESSW=F,
If this is a restart from a steady-state calculation and is a continua-
tion of a steady-state calculation, then leave STEDSW=T, and leave
TRANSW as it was in the previous calculation. Then set ISTDRS=T,

If the previous run was a normal conclusion of a steady-state cal-
culation with DUMPSW=T, and if one wishes to restart from this run

to do a transient calculation, set the following indicators: STEDSW=F,
TRANSW=T, DUMPSW=T, (in this case DUMPSW=T, serves to indicate that tran-
sient will read the steady-state data).

If the previous run was a transient calculation, and this is a restart to
continue this calculation then set ITRARS=T, and make sure STEDSW=F, .
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5.9 Job Control Language Usage

In this subsection the use of the DISPL code in terms of the IBM Job
Control Language (JCL) used at Argonne is illustrated. The JCL provided
merely illustrates one way of using the package, and we do not intend to limit
the use of alternative approaches. Recall that DISPL consists of:

1. A file containing the Mortran Macros.
2. The computational phase of DISPL.
3. The cross-section plot graphics program.
4. The contour program.
5. The three-dimensional perspective program.
It is assumed that the user has copied these files into the following datasets:

B99999 .MPRTM.DATA
B99999.DISPL.FART
B99999.CSP.FORT
B99999.CANTAR .FORT
B99999.THREED.F@RT

and that the user has created space for the following object modules:

B99999.DISPL.PBJ
B99999.CSP.pBJ

B99999.CANTPR .PBJ
B99999 . THREED.@BJ

Finally, we assume that the user has created datasets to associate with unit
10 (for restart reading)

B99999.READ.DATA
unit 11 (for dump writing)

B99999 .WRITE.DATA
and unit 12 (for graphics writing)

B99999.GRAPH.DATA

In order to use the computationed phase of DISPL, an object module of
B99999.DISPL.FPRT is created. The following JCL will generate a FORTRAN H
extended object module using cataloged procedures available at Argonne
National Laboratory. For users outside of Argonne, Table 5.9.1 - 5.9.4 gives
the actual cataloged procedures used here and later in this subsection.
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//DISPL JpB (F99999,30,0,5),REGIPN=450K
Computer account card

//*MAIN PRG=L@CAL
//STEP1 EXEC MPRC,COMPLETE=IFEAAB,PPTIPNS="XREF,pPT=2"

//MPR.FTO2F001 DD DSN=B99999 .MPRTM.DATA,DISP=SHR
//MPR.SYSIN DD DSN=B99999.DISPL.FPRT,DISP=SHR
//FPR.SYSLIN DD DSN=B99999.DISPL.PBJ,DISP=PLD

/*

/* END QF FILE

We are now ready to execute the computational phase of DISPL. It is
assumed that the user has developed a card deck containing the user-supplied
routines including MASTER DRIVE and a data deck containing the namelist cards.

//RUN JPB (F99999,10,0,5),REGIPN=500K,PRTY=N,

// CLASS=B

Computer account card

//*MAIN PRG=LPCAL

//STEP1 EXEC MPRCLG,COMPILE=IFEAAB,

// DPTIPNS='XREF,pPT=2"

//MPR.FTO2F001 DD DSN=B99999.MPRTM.DATA,DISP=SHR

//MPR.SYSIN DD *

{User's card deck}

/*

//GP.SYSIN DD DSN=B99999.DISPL.PBJ,DISP=SHR
//GP.FT10F001 DD DSN=B99999.READ.DATA,DISP=SHR
//GQ.FT11F001 DD DSN=B99999.WRITE.DATA,DISP=pLD
//GP.FT12F001 DD DSN=B99999.GRAPH.DATA,DISP=pLD
//GP.SYSIN DD *

{User's data deck}

/*

/* END QF FILE

Notice that the MASTER DRIVER and all of the user-supplied routines are
compiled in FPRTRAN H extended, assuming the original code is in MPRTRAN. If
the user prefers, these routines can be written in FORTRAN. In this case
replace the STEP1 card and the three cards following it with

//STEP1 EXEC FTXCLG,PPTIPNS="'XREF,pPT=2"
//FTX.SYSIN DD *

If there is no need for the graphics programs, no further JCL is required.
If, however, graphics output is desired, the corresponding graphics package
must be compiled. In the following, the JCL for generating object modules for
each of the graphics programs is given. First, for CSP use
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//CSP JpB (F99999,5,0,2),REGIPN=250K

Computer account card

//*MAIN PRG=LPCAL

//STEP1 EXEC MPRC,COMPILE=IFEAAB,PPTIPNS="'XREF,pPT=2"
//MPR.FT02F001 DD DSN=B99999.MPRTM.DATA,DISP=SHR
//MDR.SYSIN DD DSN=899999.CSP.F@RT,DISP=SHR
//MPR.SYSLIN DD DSN=B99999.CSP.PBJ,DISP=pLD

/*

/* END @QF FILE

To create the object module for CANTPR, change the symbol CSP in the above JPB
card and in the last two cards to CONTPR. Similarly, to create the object

module for THREED, change the symbol CSP in the J@B card and in the last two
cards to THREED.

In using any of the graphics programs we assume that a dataset,
B99999.GRAPH.DATA, has been written during an execution of the computational
phase of DISPL. This is accomplished by assigning it to unit 12 and setting
GRAPH=T in Namelist DATA. The JCL given below generates spooled STATPS graphics
output at Argonne. The JCL for alternative graphics devices at Argonne is
discussed in the Graphics chapter of the ANL User's Guide [15]. At installa-
tions other than Argonne, the user would need to verify that he had the
corresponding graphics package (CALCOMP, CPNTPUR.BLACKBPX, or DISSPLA) as well
as make the appropriate changes in the JCL.

To execute the CSP program, use

//CSPEX JPB (F99999,1,0,1),REGIPN=250K
Computer account card

//*MAIN PRG=LPCAL

//STEP2 EXEC FTXCLG,PRELIB="SYS1.CALLIB'
//FTX.SYSIN DD *

{Sing]e precision version of )

SUBRPUTINE ANAL or a dummy version

/*

//GP.SYSLIN DD DSN=B99999.CSP.PBJ,DISP=SHR

//GO.LDRIN DD DSN=SYS1.PLPTTER.SPSTATPS(PLPTTER),DISP=SHR
//GO.FT12F001 DD DSN=B99999.GRAPH.DATA,DISP=SHR
//GP.GRAPHICS DD SYSQUT=S

//G@.SYSIN DD *

{Data cards}
/*

/* END @F FILE



To execute the CONTPR program, use the following JCL.

//CONTE JPB (F99999,1,0,1),REGIPN=350K

Computer account card

//*MAIN PRG=LPCAL

//STEP2 EXEC FTXLG

//GP.SYSLIN DD DSN=B99999.CANTPR.PBJ,DISP=SHR

//G@.FT12F001 DD DSN=B99999.GRAPH.DATA,DISP=SHR
//GD.FT13F001 DD DSN=&&TMP1,UNIT=SASCR,SPACE=(6000,(20,20)),
// DISP=(NEW,PASS)

//GP.SYSIN DD *

{Data cards}

/*
//STEP3 EXEC PGM=G1DATA
//STEPLIB DD DSN=SYS1.PL@TPKG.C@NTAUR.BLACKBAX,DISP=SHR

//FTO5F001 DD DDNAME=CARDIN

//FTO6F001 DD SYS@UT=A,DCB=(RECFM=FBA,LRECL=133,BLKSIZE=1463)
//FTO9F001 DD UNIT=(SASCR),SPACE=(CYL,(2,1))

//FT10F001 DD UNIT=(SASCR),SPACE=(CYL,(2,1))

//FT13F001 DD DSN=&&TMP1,DISP=(@LD,DELETE)

//GQ.CARDIN DD *

{CONTPUR.BLACKB@X Control cards}

/*

//G@.GRAPHICS DD DSN=&&TMP2,UNIT=SASCR,SPACE=(6000,(20,20)),
// DISP=(NEW,PASS) '

//STEP4 EXEC PGM=SPSTATQS

//STEPLIB DD DSN=SYS1.P@STPL@T.G1DATA,DISP=SHR

//GRAPHIN DD DSN=8&TMP2,DISP=(pLD,DELETE)

//GRAPHICS DD SYSPUT=S

//FTO6F001 DD SYSPUT=A

/*

/* END @F FILE

To execute the THREED program, use the above JCL for the CSP execution

with the following changes.

(a) Replace the JPB card with
//DIM3EX JPB (F99999,1,0,1),REGIﬂN=250K

(b) Replace the EXEC card with
//STEP2 EXEC FTXLG,PRELIB='SYS1.DISLIB"

(c) Remove FTX.SYSIN card, the code for SUBRPUTINE ANAL, and the /* card.

(d) Replace the SYSLIN card with
//GP.SYSLIN DD USN=B99999. THREED.PBJ,DISP=SHR

(e) Use the data cards for THREED.
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Any of the above graphics executions can be combined with the computa-
tional phase execution into a single job. To illustrate the procedure consider
including the CSP execution in the computational phase execution, i.e. in the
JPB named RUN. Just before the END PF FILE card, insert the JCL for the CSPEX
JPB beginning with the STEP2 card. Two changes in the graphics JCL need to be
made:

(a) The STEP2 card is changed to
//STEP2 EXEC FTXCLG,PRELIB='SYS1.CALLIB',C@ND=(13,LE,STEP1.G@)

This change prohibits the execution of the graphics step if the con-
dition code at the conclusion of the computational phase is 13 or
more. The computational phase will set such a condition code if
there is an abnormal termination, e.g. failure in GEAR.

(b) The GP.FT12F001 card is changed to
//GP.FT12F001 DD DSN=*,STEP1.G@.FT12F001,DISP=SHR

This card uses a referback to indicate that the graphics dataset is
the same one used in the GP.FT12F001 card in the computational phase.
The advantage of using referbacks is that the name of the graphics
dataset occurs only once in the JCL. Thus, if the user has a number
of graphics datasets for various problems, he need change only one
card (the G@.FT12F001 in the computational phase) to indicate the
appropriate dataset.

For users outside of Argonne we provide the cataloged procedures in Tables
5.9.1-5.9.4 which have been used in the examples of JCL in this section. Fur-
ther, the DISPL computational code uses a clock function, TLEFT, in subroutines
EXEC, STEADY, and TIMEX to monitor computer time. This function, which is
available on Argonne's IBM 370/195 has the format

TLEFT(DUM)

where DUM is a single precision real dummy variable. The function value
returned is the time left for the job in centiseconds. Users wishing to install
DISPL on another system should provide an interface routine to fit this format
or use a dummy routine to return a large constant value. Also, subroutine EXEC
sets condition codes of 13 or greater if the run is abnormal. This feature is
available principally to inhibit the graphics step as outlined above. If the
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user does not wish to set condition codes, subroutine EXEC should be modified.
The rest of DISPL is written using ANSI Fortran functions and no local Argonne
packages (except for the graphics CALCOMP, CANTQUR.BLACK, or DISSPLA software

and graphics cataloged procedures).
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/ /MORC
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99

Table 5.9.1. MPRC Catalogued Procedure

MORC
OC REGN=250K,0FTICNS=,COMPILE=IGIFORT,

// OCERJUNIT=SASCR,OBJECT='&0BJT",
// OBJEGCM=' (3120, (40,10) ,RLSE) ', OBJBLK=3120

//MCER
//STEELIE
//ETC6FCO1
//FT01F001
//7FT07E001
/7
//ETG5F001
//FCE  EXEC
//SYSLIN
//3YSOBJ

EX
CL
DD
DD
ED

CD

DD
LD

EC EGM=MOKTRAN, REGICN=&REGN
DISE=SHR,DSN=B23531.MORTRAN.LOAD
SYSOUT=A,DCB= (LRECL=133, BLKSIZE=1330,RECFM=FBA)
DISP=5HR,DSN=B23531.MOKTMACS. DATA
DSN=§FINPUT,DISF=(,PASS),UNIT=SASCR,
SPACE= (TRK, (2,2)) ,DCB= (LRECL=80, BLKSIZE=1680,RECFM=FB)
DDNAME=SYSIN
PGM=6COMPILE,REGION=REGN, PARM="NOTERM, §OPTIONS"
DDNAME=SYSOBJ
UNIT=60BJUNIT,DSNAME=60BJECT,SPACE=£0BJROOMN,

// DISE=(MCD,PASS) ,DCE=(RECFM=FE,LRECL=80, BLKSIZE=60BJBLK)

//SYSERINT
//5YSEUNCH
//SYSIN

//% A MORTR

CT
LD
LD
AN

SYSOUT=A,DCB= (RECFM=FBA, LRECL=120, BLKSIZE=1500)
SYSOUT=B,DCB=(RECFM=F,BLKSIZE=80)
DSN=6FINPUT,DISF=0LD
PREPROCESSOR PROCEDURE SUPPOKTED BY

/7% CLAEBK EFWITT, AMD MAY 21,1975
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MEMBERK NAME
/ /MORCLG

//MOR
//STEELIB

//FTC6F001

//FTO1F001

//7FT0T7F001
//
//FI08F001
//FCR EXEC
//SYSLIN

Table 5.9.2. MPRCLG Catalogued Procedure

MORCLG

EROC REGN=250K,OPTIONS=,COMPILE=IGI1FORT,
// OBJUNIT=SASCR,OBJECT='6CEJT',

// OBJEOOM=' (3120, (40,10) ,RLSE) ',0BJBLK=3120,

// LEARM=,EF=,GOPARM=,

// PRELIB='SYS1.DUMMYLIB',ECSTLIB='SYS1.DUMMYLIB',
// AWCLIP='SYS1.AMDLIB2',LIBRARY='SYS1.FORTLIB2',

// OBJDISE='(OLD,DELETE)"',
// GCIF='(5,LT,FOR)',GOREGN=128K

EX
DL
DD
DL
DD

DT

DD

EC PGM=MORTRAN,REGICN=EREGN
DISF=SHR,DSN=B23531. MORTRAN.LOAD

SYSOUT=A,DCB= (LRECL=133,BLKSIZE=1330, RECFM=FBA)
DISP=SHR,DSN=B23531.MORTMACS.LATA
DSN=&FINPUT ,CISP=(,PASS) ,UNIT=SASCR,
SPACE=(TRK,(2,2)),DCB=(LRECL=80,BLKSIZE=1680,RFCPH=FB)
DDNAME=SYSIN

PGM=ECOMPILE,REGION=E6REGN, PARM='*NOTERM,t0OPTIONS"
UNIT=60OBJUNIT,DSNAME=60BJECT,SFACE=60BJROON,

// DISE=(MCD,PASS),DCE=(RECFM=FE, LRECL=80, BLKSIZE=40BJBLK)

//SYSPRINT
//SYSFUNCH

CD
DD

SY50UT=A,DCB= (RECFM=FBA, LRECL=120, BLKSIZE=1560)
SYSOUT=E,DCB=(RECFM=F,BLKSIZE=80)

//SYSIN DD LSN=&FINPUI,DISP=0LD
/ /GO EXEC

//
//FETO5F001

//FT06F001
//FTO0TF001
//SYSLIB
//

//

/7
//SYSLIN

//
//SYSLOUT

LD
DD
DD
DD
DD
CC
CD
CC
LD
DT

PGM=LOADER,PAFM='MAP,PRINT,GLPARM,EP=6EP/8GOPABM',
COND=6GOIF,REGION=6GOREGN

DDNAME=SYSIN
SYSOUT=A,DCE=(RECFM=FBA,LRECL=133,BLKSIZ£=1596)
SYSOUT=B

DISP=SHR,DSN=EPKELIB

DISP=SHEK,DSN=EAMDLIB

DISP=SHR,DSN=ELIPRARY

DISP=SHR,DSN=&POSTLIE
DSNAME=%*.FOF.SYSLIN,DISP=60BJDISP

DDNAME=LDRIN
SYSOUT=A,DCB=(LRECL=121,BLKSIZE=1573)

//% B MCRTFAN EREFRCCESSOR PROCEDURE SUPPORTED BY
//% CLARK EEWITT, AMD MAY 21, 1975
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MEMBER NAME

Table 5.9.3. FTXCLG Catalogued Procedure

FTXCIG

//FTXCLG EROC REGN=240K,OPTIONS=,COMPILE=IFEAAB,
// OBJUNIT=SASCR,OBRJECT='&0BJT',

// OBJROOM="'(CYL,4)',OBJBLK=3120,

// LEAEKM=,EE=,GOFARMN=,

// PRELIB='6LUMMYLIB',POSTLIB='6DUMMYLIB',

// AMDLIB='&AMDLIB2',LIBRARY='EFORTLIB2',

// OBJDISE='(OlD,DELETE)',

// GCIF=¢'(5,LT,FTX)"',GOREGN=128F

//FTX  EXEC
//SYSLIN DD

PGM=6COMPILE, REGION=6REGN,PARM='NOTEFM,&60PTIONS"

UNIT=60BJUNIT,DSNAME=60BJECT, SPACE=60BJKOO0ON,

// DISP=(MOL,PASS),DCB=(RECFM=FB,LPECL=80,BLKSIZE=60BJBLK)

//SYSERINT DD
//SYSPUNCH DD
//SYSUT1 DD
//SYSUT2 DD
//GC EXEC
//

//FTOSF001 LI
//ET06FC01 DD
//FT07F001 DD
//SYSLIB LD

// DD
// DD
// DD
//SYSLIN CC
// DD

//SYSLCUT DD

SYSOUT=A,DCB= (RECFM=VBA,LRECL=137, BLKSIZE=1511)
SYSOUT=B,DCB= (RECFM=F,BLKSIZF=80)

SPACE= (TRK, (0,19)) ,UNIT=(SASCR)

SPACE= (TRK, (0,19)) ,UNIT=(SASCR,SEP=(SYSUT1))
PGM=LOADER,PARM="'MAP,PRINT,&6LPARM,EP=6EP/EGOPAFM"',
COND=EGCIF, REGTON=5GOREGN

DDNAME=SYSIN

SYsoUT=A, DCB= (RECFM=FBA, LRECL=133, BLKSIZE=1596)
SYSOUT=B

DISP=SHR,DSN=&6PRELIE

DISP=SHR,DSN=&EAMDLIB

DISP=SHR,DSN=6LIBRARY

DISP=SHR,DSN=§6POSTLIB
DSNAME=%_FTX.SYSLIN,DISP=60BJDISP

DDNAME=LDRIN
SYSOUT=A,DCB=(LRFCL=121,BLKSIZE=1573)

//%¥ THIS FROCEDURE IS DOCUMENTED IN CHAPTEE 9 OF THE USER'S GUTl:
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Table 5.9.4. FTXLG Catalogued Procedure

MEMBEF NAME FTXLG

//FTALG ERGC LPARM=,EP=,GOPARM=,

// PRELIR='§DUMMYLIB',POSTLIB='EDUMMYLIB',

// AMLCLIE='§AMDLIB2',LIBRARY='&FORTLIB2',

// GOREGN=12€K

/ /GO EXEC PGM=LOADER,PARM='MAP,PRINT,&LPARM,EP=6EE/EGOPARM',
// REGION=§GOREGN

//FETOSF001 DD DDNAME=SYSIN

//ETO6ECO1 DD SYSOUT=A,DCB=(RECFM=FBA,LKECL=133,BLKSIZE=1596)
//FT07FCC1 DD SYSOUT=B

//SYSLTRE LD DISP=SHR,DSN=6PRELIB

// DD DISP=SHEK,DSN=GEAMDLIB
Y4 CC DISP=SHR,DSN=&LIBRARY
/7 DD DISP=SHR,DSN=&EPOSTLIB

//7SYSLIN CL DDNAME=LDRIN
//SYSLCUT DD SYS0UT=A,DCB=(LRECL=1.21,BLKSIZE=1573)
//7*%¥ THIS FROCEDURE IS DOCUMENTED IN CHAPTER 9 OF THE USER'S GUIDE.
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5.10 Error Messages

This program performs some consistency checks on the input stream. We
distinguish between fatal and non-fatal errors in the input. Whenever possi-
ble an error is interpreted as non-fatal in which case the error is corrected
and execution resumes. When a non-fatal error is encountered, the error is
corrected and a message is printed informing the user of the correction. For
example, if the number of quadrature points per interval in the r direction
NQR is less than KR-1, then the quadrature error may exceed the spatial
truncation error, and even worse, the matrix AL can be so poorly conditioned
that it cannot be inverted. Hence if NQR < KR-1, the code will set
NQR = KR-1 and then continue. This same situation also applies to NQZ.

For fatal errors, the program prints a message and then stops. The
following errors are recognized as fatal errors in the computational phase of

DISPL.
(1) If side J has a non-essential boundary condition for the K-th species,

we have

ahu+gDvu-n = yho)
on side J where 8 = 8(K,J) # 0. Thus the code checks that NSJ(K) and
B(K,J) are not both zero. If they are, the following message appears.

***[NPUT ERRAR.BETA=0. FOR A N@N-ESS. SIDE.

(2) Recall that MAXBRK is the Macro parameter for the maximum number of
intervals in either direction. The code checks whether LR > MAXBRK-1 or
LZ > MAXBRK-1, and if so prints

***INPUT ERRPR.NUMBER @F INTERVALS N@T CONSISTENT WITH
NUMBER @F BREAKPQINTS.

(3) NRNZ is the number of variables associated with one species, and MXNRNZ
is the Macro parameter for this variable. The code checks NRNZ > MXNRNZ,
and if so prints

***INPUT ERRAR.NUMBER PF VARIABLES PER SPECIES EXCEEDS
DIMENSIPNED SIZE.
(4) NVAR is the total number of variables for the problem, and MXNVAR is the

corresponding Macro parameter. The code checks NVAR > MXNVAR and if so
prints
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***INPUT ERRPR.T@TAL NUMBER @F VARIABLES EXCEEDS
DIMENSI@NED SIZE.
NQR(NQZ) is the number of quadrature points per interval, and MAXTQD is
the corresponding Macro parameter. The code checks NQR > MAXTQD or
NQZ > MAXTQD and if so prints

***INPUT ERR@R.NUMBER PF QUADRATURE PPINTS EXCEEDS
DIMENSI@NED SIZE.

NUTPUT is the number of output times in a transient calculation. The
code checks if NUTPUT < 2 or NUTPUT > 100, and if so prints

***INPUT ERRPR.NUTQUT IS QUTSIDE THE INTERVAL (2,100).

The PW array is dimensioned at run time by the user setting NPW in the
DRIVER. The code checks whether the user has set NPW large enough, that
is, whether MFBW*NVAR > NPW for the direct version, or FBW*NVAR*NSPEC >
NPW for the iterative version. In either case the code prints

***PW ARRAY IS TPP SMALL.

The AL array is dimensioned at run time by setting NAL in MASTER DRIVER.
For either version the code checks whether FBW*NRNZ > NAL, and if so
prints

***AL ARRAY IS TP@ SMALL.

MAXN@T is the Macro variable for the number of knots in either the r or
z direction. If this number is exceeded the code prints

***INPUT ERRPR. T@TAL NUMBER @F KNPTS IN
PNE DIRECTIPN EXCEEDS STPRAGE.

The graphics programs generate fatal errors with messages if the Macro

variables used in the graphics programs are not as large as the Macro
variables used to generate the graphics dataset on unit 12 during the execu-
tion of the computational phase. In the following discussion we refer to
the value of the Macros used in the graphics codes by preceding the variable
name with a J. The corresponding value in the computational code will be
indicated by preceding the variable name with an I.

(1)

The fatal errors are:

If the original Macro for the number of breakpoints is greater than the
corresponding graphics Macro, the message
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EXCEEDS THE
SPECIFIED NUMBER @OF BREAKPPINTS (IMAXBRK)
MAXIMUM NUMBER DIMENSIPNED (JMAXBRK). RUN STPPPED.
(2) If the original Macro for the number of species is greater than the
corresponding graphics Macro the following message appears.
SPECIFIED NUMBER @F SPECIES (IMAXSP) EXCEEDS THE
MAXIMUM NUMBER DIMENSIPNED (JMAXSP). RUN STPPPED.
(3) If the original Macro for the spline order is greater than the value
used in the graphics program the following message appears.

SPECIFIED QRDER PF SPLINES (IMAXK) EXCEEDS THE
LIMITS @F THE PRPGRAM (JMAXK). RUN ST@PPED.
(4) If the original Macro for the number of knots in either direction is
greater than the value used in the graphics program the following

message appears.

SPECIFIED NUMBER @F KNPTS (IMAXN@T) EXCEEDS THE
MAXIMUM NUMBER DIMENSIPNED (JMAXNAT). RUN STOPPED.
(5) If the original Macro for the number of variables in either direction is
greater than the value used in the graphics program the following
message appears.

THE SINGLE SPECIES NUMBER @F VARIABLES (IMXNRNZ) EXCEEDS
THE LIMITS @F THE PR@GRAM (JMXNRNZ). RUN STOPPED.
(6) If the original Macro for the total number of variables is greater than
the value used in the graphics Program the following message appears.

THE SPECIFIED NUMBER @F VARIABLES (IMXNVAR) EXCEEDS
THE LIMITS @F THE PR@GRAM (JMXNVAR) . RUN ST@PPED.
In addition, a fatal error can occur when ITIME=T and if NTIME is
greater than NRES1 (for CSP) or NRESD (for CONTPR or THREED). If this
occurs, the following message is printed.

SPECIFIED NUMBER @F TIME VALUES IS

GREATER THAN {\AES1} nTime- . RUN ST@PPED.

where the appropriate Macro name NRES1 or NRESD is printed as well as the
value of NTIME.



107

If a fatal error is detected (either due to input or due to computation),
the last message printed in EXEC is

EXIT EXEC WITH ABNPRMAL TERMINATIPN
and control is returned to the Master Driver.

The following non-fatal message is printed by the graphics programs is
ITIME=T and there are more time values on the graphics dataset than the user
requested to be graphed via NTIME.

WARNING *** MPRE TIME VALUES THAN NTIME.
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6. DESCRIPTION OF PRINTED AND GRAPHICAL OUTPUT

In this section we discuss the output generated by the DISPL package.
We first discuss the printed output generated by the computational phaée of
DISPL in section 6.1. In section 6.2 we discuss the printed and graphICél
output which can be produced by the cross-section plot program. In section
6.3 we discuss the printed and graphical output which can be produced by the
contour package. Finally in section 6.4 we discuss printed and graphical out-
put which can be produced by the three-dimensional perspective program. In

all cases, we describe the output with reference to the examples in section 7.

6.1 Computational Printed Output

In this subsection we discuss the printed output of the DISPL computa-
tional code. The printed output has three main sections. The first section
is the result of processing Namelist GRID and the first read of Namelist
DATA. The second section contains the results of any initial fit computation
and any steady-state calculation. The third section contains the results of
a second read of Namelist DATA and any transient calculation which may have
occurred. In discussing the results of processing the namelists, we will
discuss only those aspects which are not clear from the discussion of the

namelists in section 5.

Considering the first section, we use example 7.2 as an illustration.
The output begins with a summary of the variables in Namelist GRID. Notice
that INITIAL CPNTR=13; this is just an indication that the code is going to
set CANTR=KR-1 which is the default value. The next part of the output con-
sists of certain internal arrays followed by a summary of Namelist DATA. The
code first indicates that CONTR is reset to KR-1=4-1=3 and CONTZ is reset to
KZ-1=1-1=0. NVGAP is the number of vertical gap interfaces, and NHGAP is the
number of horizontal gap interfaces. LR and LZ are the number of intervals
in the r and z direction. The IL array is the index set for the B-splines in
the r-direction. JL is the corresponding index set for the z direction.
IREF is an index set in the r direction for the interfaces. JREF is a similar
array for the z direction.

MLTAB is the two-dimensional table of materials in the domain. This

table is the internal array which is obtained from the Namelist GRID array
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MATL. Next, the code determines whether it is more efficient (in terms of
bandwidth) to store the coefficients with horizontal or vertical ordering.
The ordering used is reported in the output. The next two lines of code deal
with constants involved in the indexing of the coefficients. These constants
are explained in section 4.10.

The output next gives the actual system size for the problem. NR is the
number of variables per species in the r-direction. NZ is the corresponding
number for the z-direction. NVAR is the total number of variables, i.e.
NSPEC*NR*NZ. The output next indicates whether this is the iterative or
direct version of the code. The summary print of namelist DATA then begins.
The reference to PRPUT in describing the time and space grid is to SUBRPUTINE
PROUT which controls output (both for units 6 and 12) during the steady-state
and transient computation. The variable MF (which is 21) is an indicator for
the ODE solver GEAR and must remain fixed.

Next we consider the second section. After completing the summary print
for Namelist DATA, the code calls SUBRPUTINE INIFIT if INITSW=T (which is the
case in this example). The output contains a table of the least-squares solu-
tion evaluated at the quadrature points. In this example the code next reads
namelist DATA for the second time and repeats its summary print. Notice that
the coefficients, W, have changed as a result of the call to INIFIT. If
GUESSW and/or STEDSW were TRUE, calls to SUBRPUTINE GUESS1 and/or STEADY would
have occurred. While the call to GUESS1 would not directly produce any
printed output, the call to STEADY would produce output similar to the tran-
sient output discussed below. Such steady-state output would occur after the
first time-step, after every ISTDFQ steps beyond the first one, and at the
final step. Also, if the code runs out of time during the execution of STEADY,
printout will occur for the last step before doing a dump.

Finally, we consider the third section of output. We first see a message
indicating that the transient solution is beginning. There then follows a
set of small (half page) reports of the solution as it is progressing. Each
report is a result of a call to PRPUT and occurs at a time specified by the
user's time grid. Consider the first report in example (section 7.1) in detail.
The time value is given followed by the spline coefficient values. Each
approximate solution is then evaluated on the user-specified grid and, if
IANAL=T, the corresponding analytic solution is given. The output values on
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this grid are arranged as follows: each row represents a fixed value of z

with the first row corresponding to ZGRID(JZGRD) and the last row correspond-
ing to ZGRID(1). On a given row, the first entry corresponds to RGRID(1) and

the last entry corresponds to RGRID(IRGRD).)r The message

(FR@M PRQUT VIA TIMEX)

is a reminder that this is a transient solution. If this call to PRPUT was
from SUBRPUTINE STEADY we would get the following message.

(FRPM PRPUT VIA STEADY)

After the final species solution is printed, the time value, TPUT, is again

printed.

PRAUT reports other than the first one also include the value DELTA T
and provide information concerning the monitoring of computer time usage.

DELTA T is the current spacing of subintervals on the user's time grid.
Notice that this number will change when we move from one major time interval
to another, i.e. from [UTPUT(1),UTPUT(2)] to [UTPUT(2),UTPUT(3)]. In the
case of a steady-state solution, DELTA T is the actual time step being used
in the ODE solver.

The next two lines deal with monitoring computer time usage. Based on
the amount of time required to solve the problem during the previous call to
the ODE solver GEAR, the code estimates the time required to do the next call
to GEAR. This estimate is given, followed by the amount of computer time
remaining. If the estimate is less than the time left we proceed. If not,
we immediately dump the current results on unit 11, report this fact on the
output, and stop. In the steady-state case a similar situation applies.

Returning to the example in section 7.1, after the transient solution is
completed, the code writes the current solution on unit 11 and reports this
on the output as a normal dump. The value of ] (=5 in section 7.1) is the
final index of UTPUT used. Finally, the code checks whether there is another

problem to solve. If not, a message indicating that the end of the input
file has been reached is printed.

t .
%: %g?g1guge.emghas1;ed that the output from PRAUT (whether from STEADY or TIMEX
Just as if one were looking at the domain. That is, the output con-

sists of a series of r
X ows of n .
ascending valioe mr Droe s TLqu?rSr Each row has values corresponding to
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6.2 Cross Section Plotting

The output of the cross section plotting program (CSP) is both printed
and graphical. In this subsection we discuss both forms of output by reference
to the examples in section 7. To begin with, all of the graphing programs can
be used in one of two basic modes. If ITIME=F in Namelist FORMAT, the graph-
ing program will generate plots associated with the solution at a specific
time value. For example, CSP will generate plots of species solutions along
one-dimensional slices at time values associated with the time array specified
in Namelist DATA. If, on the other hand, ITIME=T, the graphing program will
generate graphs with time as one of the independent variables. In the case
of CSP we will obtain plots as specified by the graphing formats in Namelists
FORMAT and CSPIN. The plot involves a graph of a species value uk(r*,z*,t),
at a fixed spatial location (r*,z*) as a function of time t for a given
species k. The point (r*,z*) is specified as follows. Recall that for the
mth frame, CSP requires that a Tine segment in the spatial domain be
specified by giving its end points (Al1(m),Bl1(m)) and (A2(m),B2(m)). The
point (r*,z*) is specified by setting

Al{(m)=r*, A2(m)=r*,
B1(m)=z*, B2(m)=z*,

Note that r* = r*(m), z* = z*(m), i.e. (r*,z*) can change with each frame.
The time values used in these plots are specified through the users time
grid in Namelist DATA. The ITIME=T case for CPNTPR and THREED will be dis-
cussed in sections 6.3 and 6.4.

We now discuss the printed output of CSP when using the ITIME=F mode.
For example, consider the output in section 7.2. The printed output begins
with:

BEGINNING CROSS SECTION GRAPHICS PACKAGE

The program then checks the sizes of various macro variables. If these
values are acceptable, no prints occur. The program then gives formatting
parameters and the value of NRESIN. The values of ITIME and NTIME are then
given. Recall that NTIME is used only if ITIME=T. The values of YAXMIN(I)
and YAXMAX(I) are then given in pairs for I=1,...,IGNUM. Next, the user's
graphing format data is summarized on a frame-by-frame basis. Specifically,
for each frame (at a given time value) the ordering of plots on that frame
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and the associated species number is given. In a similar manner. the defini-
tion of the cross section for each frame is reported. Finally, the program
informs the user that the end of data has been encountered and the total

number of frames produced is reported.

The graphical output associated with an ITIME=F case is also illustrated
in section 7.2. In this example graphs were produced in the separate (not
packed) format. Notice that the legend in the lower left corner of each
graph gives the species number. Further, the time value associated with each
frame is given. (Warning: Since floating point numbers must be plotted in
an F format in the CALCOMP package, we sometimes obtain a double asterisk
when a number, such as time, is out of range.)

We next consider the ITIME=T case, as is illustrated in section 7.3.
The printed output is the same as in the ITIME=F case and for reasons of
space we do not include it. The graphical output for ITIME=T differs from
that for ITIME=F in that the legend in the lower left corner gives the r and
z coordinates of the point where the solution is evaluated rather than a time
value. Of course, the horizontal axis is time rather than r or z. The most
significant difference is that the graph for ITIME=F is a curve whereas the
graph for ITIME=T is just the NTIME points at which we have evaluated the
solution. Finally, we point out that even when ITIME=T we can use the other
options of CSP such as the grouping format (packed or separate) as well as
the ISPEC, LGROUP, and LORDER arrays.
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6.3 Contour Plotting

The contouring program (CONT@R) can be used in one of two basic modes. If
CONT@R is used with ITIME=F contour plots are generated in which each plot is
the approximate solution for a particular species over a rectangular domain
in r-z space at a particular time. Thus we generate a series of contour plots
ranging over the species and time values. If CONTR is used with ITIME=T, we
generate a given contour plot with two independent variables -- time and a
space variable. The time values used are those defined in Namelist DATA and
must be uniformly spaced for use in CONTAR. The spatial variable must be a
1ine in the r-z domain and must be parallel to one of the coordinate axes.

The definition of this 1line is transmitted to CONTPR through the RMIN, RMAX,
ZMIN, and ZMAX arrays (which define the contouring domain when ITIME=F).
Notice that if the problem is one dimensional in the spatial variable, then
a contour plot cannot be done with ITIME=F,; however a contour plot can be
done with ITIME=T.

In describing the output of CONTAR we consider the ITIME=F mode and refer
to the examples in section 7 for concreteness. The CONT@R program itself
generates a data file on unit 13 which is in a format for use in
CONTOUR.BLACKBOX. Thus, in order to generate a contour plot we require two
job steps. The BLACKBOX control cards we use in plot generation are described
in section 5.6. The printed output of the CANTPR program is illustrated in
section 7.1. The output begins with the statement

BEGINNING CONTOUR GRAPHICS PACKAGE

The program then does a series of checks on the sizes of Macro variables. If
these values are within range, the execution continues. The output next
states the VERSION of CONT@R being used followed by the value of IGNUM. The
user's formatting instructions are then summarized. Next, the value of ITIME
is given along with the number of points in the r and z directions (NRESR and
NRESZ) each of which is the input value NRESIN. Then, as each time value is
being processed, the time is given followed by the labels R, Z, and F.

The printed output of the second job step (CONTOUR BLACKBOX) is also
illustrated in section 7.1 where we have used the BLACKBOX control cards des-
cribed in section 5.6. The printed output consists of a summary page
associated with each contour plot. Note that these summary outputs could be
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enhanced by using certain options on the control cards. For example, the
units of the X Y SCALE default to feet per inch. Other units can be specified
in columns 21-24 of the POST card in the BLACKBOX control card deck. There

would, however, be no change in the graphical output.

The graphical output of the second job step is illustrated in section
7.1. The domain of the graph is subdivided into rectangles and the actual
domain [RMIN(I),RMAX(I)] x [ZMIN(I),ZMAX(I)] consists of all the subrectangles
except for the uppermost and rightmost ones. The datapoints generated by
CONTR are indicated by either cross-hatches "+" or by "-" or “|" when the
datapoints happen to intersect grid lines. The contours are indicated by

curves with the corresponding function value.

6.4 Perspective Plotting of Solution Surfaces

The three-dimensional perspective program (THREED) uses the DISSPLA
graphics software package to generate views of the solution surface for a
particular species over a rectangular domain. As with CSP and CONTR, THREED
can be used in two basic modes: ITIME=F and ITIME=T. When used with
ITIME=F, the domain is specified by [RMIN(I),RMAX(I)] x [ZMIN(I),ZMAX(I)].
When used with ITIME=T the domain is defined as for CONTR. That is, the
domain involves two independent variables: the first is time and values must
be generated by a uniformly spaced time grid in Namelist DATA: the second
independent variable must be parallel to the r or z axis and is specified by
the values of RMIN(I), RMAX(I), ZMIN(I), and ZMAX(I). Notice that when

ITIME=T, the spatial domain can, in fact, arise from a one-variable problem
(see section 7.3).

In discussing the printed output we refer to the example in section 7.1.
While this output deals with ITIME=F, the printed output for ITIME=T is
essentially the same. The output begins with

BEGINNING THREE DIMENSIONAL GRAPHICS PACKAGE

The program then conducts a series of checks for the size of certain variables

relative to the size of the macro variables in the particular compilation

being used. If necessary, diagnostic messages are given and the program stops.

In the normal case the program next provide a summary of the input data.

First, the VERSION and value of IGNUM are given. This is followed by the



115

user's formatting instructions and the values of NRESIN and ITIME. Then the
values of ISPEC, RMIN, RMAX, ZMIN, and ZMAX are given. Finally the viewpoint
and FMATMN and FMATMX are given.

The program next reports
TIME FAR THIS RUN IS
and gives each value of TPUT being graphed followed by a DISSPLA plot summary.

The graphical output for THREED gives a series of frames which are per-
spective views. Each view is a surface for a given species at a given time.
Notice that each frame gives the title, value of TQUT, frame number, and
specie number. Thus, each frame is clearly defined without reference to the
printed output.

When using THREED with ITIME=T the outputs are similar. The printed
output differs in only one respect:

The user's stated number of time values, NTIME (which is
only required when ITIME=T) must not be greater than the
Macro variable NRESD. A check of this requirement is made
and, if necessary, a diagnostic message is printed. Further,
if the actual number of time values is greater than NRESD, a
warning message is given and the graph produced represents
only the first NRESD time values.

The graphical output for the ITIME=T plots is similar to the graphical
output already described. Of course, TOUT is not given in the Tower left
corner and one of the axes is the time axis.
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7. SAMPLE PROBLEMS

In this section, we will illustrate the procedure used in setting up

problems for this code.

7.1 Two-Dimensional Heat Conduction in a Plate

Consider a rectangular plate R = {(r,z): 0 < r <2, 0 - z < 1} with the

heat conduction equation
2 2
(7.1.1) WU _ 33U, 3Uynpforts>0.
at 2 2
ar 02

Let the following temperature distribution be specified on the sides for

t > 0.

(7.1.2) u(0,z,t) = ¢(z,t),
u(r,0,t) = 0,
u(2,z,t) = 0,
u(r,1,t) = 0,

and let the initial temperature distributions be
(7.1.3) u(r,z,0) = 0.

For ¢(z,t) we take

(7.1.4) $(z,t) = to(z)

where

2z for 0 < z < 4
(7.1.5) 0(z) = - =
2(1-z) for 5 <z <1

To set up this problem, we have to consider the three Namelists described

in se?t1on 5, the user-supplied subroutines described in section 4, and the
Namelist graphics data described in section 5.
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Namelist GRID

1. Spline Order

When in doubt, use a cubic, i.e.

KR=4, KZ=4, (Default) (Default cases do not require any cards.)
2. Continuity at the mesh points

With a homogeneous domain and smooth data, the smooth splines are
a reasonable choice.
CONTR=3, CPNTZ=3, (= KR-1 and KZ-1) (Default)

3. Number of species
NSPEC=1, (Default)

4. Domain
RLPW=0.0, (Default)
RUP=2.0,

ZLPW=0.0, (Default)
ZUP=1.0, (Default).

5. Total number of interfaces
None (Default)

6. Interface mesh points
None (Default)

7. Interface type codes
None (Default)

8. Geometry type
Rectangular
DELTA=0, (Default)

9. Total number of non-interface mesh points in each direction. (This total
does not include the end points.)

The numbers NMR and NMZ (and the corresponding positions of the
mesh points) together with the spline orders KR and KZ control the
errors in the approximate solution as far as the spatial approximation
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10.

11.

12.

13.

is concerned. For heat conduction problems with very smooth data
and at points not near the corners, one can expect the spatial

error to behave as O(hk) asymptotically as h - 0. Here h is an
appropriate measure of the mesh width and k = KR = KZ. Thus, if one
js familiar with the mesh requirements for a second order accurate
finite difference scheme in order to achieve a given accuracy, then
for a cubic spline (K=4) one would start by trying to use the

square root of the number of points needed for the second order
method. Of course, this estimate applies only for h rather small,

e.g. h ~ 735 one might use h ~ 1—10 with @ cubic. For illustrative

purposes we use
NMR=4, NMZ=1,

Additional non-interface mesh points
These are the NMR and NMZ mesh points discussed above.

RMESH=0.1,0.25,0.5,1.0,
ZMESH=0.5,

Continuity indices at non-interface mesh points

Not needed
(Default)

Quadrature order

NQR(NQZ) is the number of quadrature points used in each r(z)
mesh interval. The choice NQR=KR and NQZ=KZ is a conservative choice.
NQR=4, NQZ=4,

Index for algebraic boundary conditions

ALGBCS=T, (Default) indicates that we will use the boundary
conditions as they are given. If we were to use the differential
version, we would set ALGBCS=F, then differentiate the essential
boundary condition (7.4) with respect to time; thereby generating

g_ﬁ (Z’t) = 6(2),

and use the user routine BRHODT to provide 6(z). With ALGBCBS=T,
we use the user routine BRHO to provide tu(z).
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15.

16.

17.

18.

19.

20.

21.

22.
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Conservative form index for the convection term
Since the convection term is zero, use the default value.
CONSRV=T, (Default)

Material table
Not needed (Default)

Selection of calls to the calculation drivers

INITSW=T, GUESSW=F, STEDSW=F, TRANSW=T,

Since the initial condition for this problem is a zero temperature,

we could have set the initial coefficients to zero in Namelist DATA

rather than having INITSW=T. GUESSW=F, because we have initial con-
ditions and STEDSW=F, because this is not a steady-state problem.

Species dependent heat capacity term
Since the coefficient of %%—in Eq. (7.1.1) is identically one, we set

IREVLA(1)=F, IRHP(1)=F, (Defaults)

Frequency of output from a steady-state calculation

Not applicable.

Indicator for restarting a STEADY calculation

Not applicable.

Indicator for restarting a TRANSIENT calculation

Since this is not a restart we use
ITRARS=F, (Default)

Indicator for reading coefficients from unit 10 generated at the conclu-
sion of a previous steady-state calculation

Not applicable.

Number of points in R-direction for user's grid

IRGRD=4,
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23. R coordinates for user's grid

RGRID=0.25,0.75,1.25,1.75,

24. Number of z coordinates in user's grid

JZGRD=2,

25. 1 coordinates for user's grid

ZGRID=0.25,0.75,

26. Indicator for an analytic solution

For this problem, we can approximate the solution by means of
a double Fourier series.
IANAL=T,

Using the default options wherever possible, we see that the input for this
Namelist GRID requires 10 cards.

Next we consider Namelist DATA. As mentioned before, there are two sets
of namelist DATA, the first set is read before a steady-state calculation
and the second set is read before a transient calculation. Since we are not
doing a steady-state calculation we would fill out the second set of Namelist
DATA and ignore the first set. That is, our deck would read:
&DATA
&END

&DATA
"To be filled in"

8END

From a conceptual point of view this is the proper form for the program: how-

ever, the program will also accept (for a transient calculation) all the data
in the first namelist, i.e.

&DATA
"To be filled in"

8END
&DATA
&END

In this sample problem we will use this last form. We now consider the
variables to be specified in Namelist DATA.
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Namelist DATA

1. Boundary condition switches

Recall that NSI(K) is the switch for species K on side I with

0 non-essential b.c. on side I for species K
NSI(K) = 1 essential b.c. on side I for species K
-1 no b.c. on side I for species K

In this problem we have essential conditions on all four sides.
NS1(1)=1, NS2(1)=1, NS3(1)=1, NS4(1)=1,

2. Boundary value coefficients (MAXSP,4)

ALPHA(1,1)=1.0, BETA(1,1
ALPHA(1,2)=1.0, BETA(1,2
ALPHA(1,3)=1.0, BETA(1,2
ALPHA(1,4)=1.0, BETA(1,4

=0.0, GAMMA(1,1)=1.0,
=0.0, GAMMA(1,2)=0.0,
=0.0, GAMMA(1,3)=0.0,
=0.0, GAMMA(1,4)=0.0,

e R,

3. Boundary h functions
Not applicable (Default)

4. Gap coefficients
Not applicable (Default)

5. Reaction coefficients, first order
Not applicable (Default)

6. Reaction coefficients, second order
Not applicable (Default)

7. Initial time for the start of the transient calculation.

For this problem we use 0.0, i.e.
T0=0.0, (Default)

8. Output time control for a transient calculation

NUTOUT is the number of output time values including the initial

and final times.
NUTOUT=5,
UTOUT(I), 1 < I < NUTOUT is the array of output times. For this

problem we use UTQUT=0.0,0.25,0.5,0.75,3.0,
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Each time interval defined by the array UTOUT can be subdivided
into NUFREQ subintervals. The output will then be provided at each
time point of this fine grid. For this problem we use

NUFREQ=1, (Default)

Internal output control switches

Not applicable (Default)

Initial spline coefficients

Since B-splines are not interpolatory splines, it is not, in
general, a simple matter to select the initial spline coefficients.
Thus in general, one would use the least squares fit provided by
setting INITSW=T, in Namelist GRID. However, in some situations,
it is convenient to provide the initial spline coefficients. For
example, in this problem, the initial data is zero everywhere; thus
we could have set W=56*0.0, and INITSW=F,.

Note that for this problem there are 56 variables; however, we could
have used any number I, 56 < I < MXNVAR. The use of initial spline
coefficients is not recommended for those who are not familiar with
B-splines and the ordering procedure used in this program, c.f.
section 4.10. For this problem, we use the default

W=1.0,... {Default)

ODE solver control parameters

EPS is the error control parameter used in the GEAR solver to con-
trol the error in the time integration. For this problem we used
EPS=1.D-6,

HINIT is the initial time step used in the GEAR solver. If this
initial step is too large relative to the size of EPS, the GEAR
solver will reduce the initial step size. For this problem we use
HINIT=1.D-5,

Maximum order for the time integration used in GEAR

MXGPRD=5, (Default)
Note that one must have 1 - MXG@ARD < 5.
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13. Graphics output switch

If any graphical output is desired at the end of this computer run
or at some later time, then when this switch is true the data for
the graphics programs will be written on unit 12 for graphical
purposes.

GRAPH=T,

For this test problem, we need 10 cards in Namelist DATA if we use the default
values wherever possible.

Next we will consider the cards which are needed for the user-supplied
subroutines. We shall assume that the user starts from the model subroutines
as described in sections 4.1-4.10.

Subroutine RHOCP
Since the coefficient of %%-in Eq. (7.1.1) is identically equal to 1, we
need only let
RC=1.D0

Subroutine DIFUSE
The diffusivity is identically equal to 1; thus we set

DIFUR=1.D0
DIFUZ=1.D0

Subroutine VEL
There is no convective term in this problem; hence

VELR=0.D0
VELZ=0.DO0

Subroutine EXTSRC
The distributed source is identically zero; hence
Vv=0.D0

Subroutine FDEXTU
Since the distributed source is zero, the Frechet derivatives are

identically zero.

UU(1)=0.D0
UUR(1)=0.DO0
uuz(1)=0.DO0

(This problem has only one species.)
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Subroutine INDATA

The initial data is identically zero; thus
Uu=0.00

Subroutine BRHO
From Eq. (7.1.2), we have u(0,z,t) = to(z) on side 1; thus for side 1

we have

101 CANTINUE
RHOV=2.DO*T*XX
IF(XX .GT. 0.5D0) RHOV=2.D0*T*(1.D0-XX)

RETURN
From Eq. (7.1.2), u = 0 on the remaining sides; thus we use
RHOV=0.D0
for sides 2, 3, and 4.

Subroutine BRHODT
Since we are using the algebraic boundary conditions, this routine can

be a dummy routine.

Subroutine ANAL

For this problem we can provide an alternative approximate solution to
this problem by using the Green's function for Eq. (7.1.1) (cf. [5]). The
Green's function for the equation

du _
ﬁ_ Au
with zero boundary values over a two-dimensional rectangle R = [0,alx[0,b] is
given by
(2] [o o] _ _ 1 '
G(x,y: x',y',to1) = - ) e o(t-1) (g Mmx o mnx! oo onmy ooonmy
ab &, ¢ a b b
2 2 m=1 n=1
where o = nzcﬂf + DEJ.
a b
The solution to the problem

P .
5% =6uinR, u=¢on3R, u=f at t=20,

is given by
‘
u(x,y,t) = JJ[G(x,y: x",y'st1f(x',y' ) dx " dy +£

R
where n is the inward directed normal to aR.
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For this problem, f = 0, a =2, b = 1, and
té(y) on side 1,
- 0 on sides 2, 3, and 4,
where
lZy, 0

IZ(I-Y), 5<y<1

Ny

R S

o(y) =

Hence the solution for this problem has the representation

© t (4o 1
u=7 5 ¥ msin T sin nny G(t T)dr 8(y') sin nmy'dy'
m=1 n=1 2

We have
t -o(t-r 21

1

[r et
|

6(y') sin nmy'dy' = ;’2 sin %;3 n>1;
™ nNn
thus
(7.6) u = %— Zl Zl l%-—%— e "tot-1) sin %; sin m-g—’ism nmy .
m=1 n=

This double series was implemented in subroutine ANAL. The question of

when to truncate the series was settied as follows. For this problem, three
decimal place accuracy is enough to determine the error between the series
Let N denote the upper limit for the
For t=3, x=0.25, y=0.25, the
series (7.6) was evaluated for various computations of N and M with the

results shown in the following table.

solution and the approximate solution.
n index and M the upper 1imit for the m index.

N 10 15 50 15 15 15 15
M 1000 1000 1000 3000 5000 7500 10000
u | .75678 { .75675 | .75675 | .75515 | .75483 | .75429 | .75411

On the basis of these results, we selected the series

solution with N=15 and
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M=5000 as being almost accurate to three decimal places.

For this problem, both of the arrays AL and GPW in the Master Driver
routine were of dimension 4100. The program was run on an IBM 370/195 in
410K bytes of fast memory. The CPU time for this problem was about 117
seconds of which 52 seconds were used in computing the series solution
leaving 65 seconds for the computation of the approximate solution on the
time interval [0,3].

The following pages contain the printed output from the computational
phase of DISPL.
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IREVLIA( 1) = P

=
<3
-
"
&=
@x
=
(3]
0w
-

04 UNIT 10

mmowoH D

1840( 1) = °F

SOMBER OF USEE SOPPLIED POINTS IN k DIRECTION IBGRD = 4
RGRID( 1) = 0.2500000007000000D+00

PGEID( 2) = 0.7500000000000000D+00

BGRID( 3) = 0.12500000030030000+01

RGPIL( 4) = 0.1750000000C00000D+01

SUMEER OF USER SUPELIED POINTS IN Z DIRECTION JZGRD = 2
TZGRID( 1) = 0.2500000000C00000D+03

ZGRID( 2) = 0.7500000000000000D+00

BEADING NABELIST DATA

BVGAP = O NHGAP = O Lk = 5 Lz = 2 NE = 8 NZ = 5
IL(1I) =

4 5 ] 7 8
JL(J) =

L] k]

IBEE (1) =

8¢l



T 1 1 1
JREE(J) = 1 1

VERTICAL ORDERING

NI= 5 NJ= 1 NCC= -6 MBWN= 18
NIgs= 5 NJB= 1 NCCH= -5 Dy= 18
REQUIRED STORAGE FCR AL NSTAL = 2200

AVAILABLE STOFAGE FOR AL NAL = 2200

REQUIRED STOHAGE FCR PW NSTPW = 2200

AVAILABLE STOEAGE FOR PW WPW = 2200

SYSTENM SIZE FOR THIS CASE

Le = 5 Lz = 2

HR = 8 NZ = 5

NVAR = 40

DIRICHLET CCNDITION FOR SPECIES 1 ON SIDE 1

DIRICHLET CONDITION FOR SPECIES 1 ON SIDE 2

DIRICHLET CONDITION FOR SPECIES 1 ON SIDE 3

DIRICHLET CCNDITION FOR SPECIES 1 ON SIDE &

POR SPECIES NO. 1
SIDE 1 ALPHA = 0.1000000000000000D+01 BETA = 0.0 GANMA = 0.10000000000000000+01
SIDE 2 ALPHA = 0.1000000000000000D+01 BETA = 0.0 GAMMA = 0.1000000000000000D+01
SIDE 3 ALPHA = 0.1000000000000000D¢01 BETA = 0.0 GAMMA = 0.1000000000000000D+01
SIDE 4 ALPHA = 0.1000000000000000D+01 BETA = 0.0 GAMNA = 0.10000000000000000+01
SIDE INDICATORS BY SPECIES
FOF SPECIES NO. 1 NSt1= 1 Ns2= 1 Ns3= 1 NS4= 1

BOONDARY H FUNCTION FOR SIDES 1 AND 3

FOR MATERIAL INDEX 1 AND SPECIES NO. 1 HO1 = J.10000G0000000000D+91 HU3 = 0.1000000000000000D+01

BOUNDARY H FUNCTION FOR SIDES 2 AND 4

FOR BATERIAL INDEX 1 AND SPECIES NO. 1 HO2 = 0.1000000000000000D+901 HO4 = 0.1000000000C00000D+01

ISTDFQ IS PRINTOUT FREQUENCY FOR STEADY STATE COMPUTATION

ISTDPQ = 100
TINE GRID FCR PROUT

NUMBER OF BAJOR TIME VALUES NUTOUT = 5

NUMBER OF SUBINTERVALS OF EACH MAJOR TIMF INTERVAL NUFREQ = 1
(OUTPUT WILL CCCUB AT EACH SUCH TINE)

8AJOR TIME VALUES UOTOUT =

0.0 0.2500000000020000D+00 0.5000060000000900D+)0 0.7500000090000000D+00
0.3000000000000000D+01

DATASET CREATED FOR USE IN GRAPHICS

GRAPH = T

HUMBER FOR GRAPHS ASSOCIATED WITH THIS RUN
1

PRINT SWITCH INDICATCRS

IPRSHY = 0 IPRSW2 = 0 IPRSW3 = 9 IPRSWU4 = O IPRSHS = 0
OCE PACKAGE DATAM
LOCAL TEXPORAL ERROR CONTROL EPS = 0.1000000000000000D-05
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INITIAL TIME STEP HINIT = J.1000000000900000D-04
BAXTWOBX CORCER OF TINE INTEGRATION
MXGORD = 5
INITIAL TIME TO = 0.0
CONTINUITY FOR R AND Z DIRECTIONS MAY HAVE BEEN RESET
CCNTR = 3 CONTZ = 3

DEFAULT INITIAL COEFFICIENTS W=

0.120000C0000000C0D+01
0.1000000000000000D+01
0.1000000000000000D+01
0.1000000000000200D+01
9.120000000000C000D+01
0.100000023030000000+01
0.1001000000000000D+01
€. 1000000000000000D+01
0.1000000000000000D+01
0.1000000000000000D+01

0.1000203000000000D+01
0.10000000000000000+01
0.1000200000000000D+01
0.1000000000000000D+01
0.1000000000000000D+01
0.1000000000000000D+01
0.1000000000000000D+01
0.1000000000000000D+01
0.1000020000000000D0+01
0.1000000000000000D+01

0. 1030000000000300D+21
0.1000000000000309D+)1
0.1000000000000100D+01
0.1000000000000300D+D1
0.1000000000000300D+01
0.1000000000000000D+01
0.1000006000000000D+01
0.1000000000000700D+D1
0.10000000€C0000000D+01
0.1000000000000000D+01

€.1000000000000000D+01
0.1000000000000000D+01
0.1000000003000000D+01
0.1000000030200000D+01
0.1000000070000000D+01
0.10000200300009700D+01
0.1000000000000000D+01
0.1000000000200000D+01
0.1000000020000000D+01
0.1000000000000000D+01

VALUES OP CONCENTBATICN U OF THE 1 TH SPECIES AT THE QUADRATURE POINTS IN THE
(FRCH INIFIT)
0.0
0.0
0.0
0.0
VALUES OF CORCENTBATICN 0
(FEGB INIFIT)
0.0 0
0.0 0
0.0 0
0
¥

1, 1)-TH BECTANGLE.

0.0 0
0.0 0
0.0 0
0
E

0.0
TH SPECIES AT THE QUADRATURE POINTS IN TH

o
Hoo oo HMoooo

=
]
-

mMOOOO

o
-3
]
-

0.0

0.0
VALUES OF CONCERNTRATICN U O
(EBCH IMNIFIT)
2.0 0.0
0.0 0.0
0.0 0.0
0.0
P T

(
0
0
0
0
( 1, 2)-TH RECTANGLE.
0
0
0
0
(

MmO OO
“ o .

TH SPECIES AT

-
=

OADPATURE POINTS IN TH 2, 1) ~-TH RECTANGLE.

-_—o 000

0.0
VALUES OP CORCENTRATIOR U C
(ERCH IBIFIT)
0.0 0.0
0.0 0.0
0.0 0.0
0.0
FT

MOO Lo
s s .
MOOOO

"
=

HE 1 TH SPECIES AT TH UADRATURE POINTS IN Z, 2)-TH RECTANGLE.

~oO OO

0.0
VALUES OF CONCENTBATION U O
(PBCH INIPIT)
0.0 0
0.0 0
0.0 0
0
F

MCOCOOoOO

HB 1 TH SPECIES AT TH UADRATURE POINTS IN

-3
-4

3, 1)-I'i BRECTANGLE.

. .
-000o0

c.0
VALOES OF CONCENTEATION U O
(FRCH INIFIT)

mMOoOC oo

mOOOC
“ o o o
VOCL ©ODOO [ol-N- Rl [eN-R-N-N-] 0OQOO (o =N Na=)

HE 1 TH SPECIES AT UADKRATUPE POINTS IN

3
-
-3
T

3, <)~TH RECTANGLE.

0
0.0 0
0.9 ]
0
F

0.0
VALUOES OF COBCENTEATICN U O
(FPCR INWIFIT)

2.0

[l ~ NN Nl

HE 1 TH SPECIES Al TH UAURATURE POLINT- IN Th 4, 1)-TH HECTANGIEF,
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VALOES OF CONCENTRATION O OF THE
(FRCHM INRIFIT)

0.0 0.0
0.0 0.0
0.0 0.0
0.0 ¢.0

VALUES OF CONCENTRATION U OF THE
(PROM INIFIT)

0.0

0.0

0.0

0.0
VALUES OF CONCENTRATICN U O
(FRCH INIFIT)

0.0

oo MOOOO0o
[-N N~ N HOOOoOO©
-]

[}

READING NABELIIST DATA

1 TH SPECIES AT THE QUADPRATURE POINTS IN THE (

o

ODO0OO0OO0 POOOLD OOOOO

TH SPECIES AT TH

1 TH SPECIES AT TH

4,

5,

5

2)-THR KRCTANGLE.

1) -TH BRECTANGLE.

2) -TH RECTANGLE.
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CAANGES IN NAMELIST DATA MAY HAVE BEEN MADE FOh TRANSIENT
DIRICBLET CCNDITION EOR SPECIES 1 ON SIDE 1
DIRICHLET CCNDITION FCR SPECIES 1 ON SIDE 2

DIRICHLET CCNDITION POR SPECIES 1 ON SIDE 3

DTYRYCHLRL CuNDT(¢JION FCR SPECIE" IR P PV

PCR SPECIES NO. 1
SIDE 1 ALPHA = 0.1000000000000000D+01 BETA = 0.0 GAYMA = 0.1000000000000009D04+01
SIDE 2 ALPHA = €.10000000000000200+01 BETA = 0.0 GAYMA = 0.100000000000000J0+C1
SIDE 3 ALEBA = €.1000000000000000D+9) BETA = 0.0 GANMA = 0.1000000000000000D+01
SIDE 4 ALFHA = 0.1000000000600000D+0 1 BETA = 0.0 GAMMA = 0.1000000000000000D+01
SICE INDICATCRS EY SPECIES
FOR SPECIES NO. 1 ¥s1= 1 NS2= 1 NS3= 1 NS4= 1

BOUNDARY H FUNCTICN FOR SIDES 1 AND 3

POR BATEEIAL INDEX 1 AND SPECIES NO. 1 HUV = 0.1000000000000000D+01 Hu3 = 0.1000000000000000D+01

BOUNDARY H FUNCTION FOE SIDES 2 AND 4

POR MATERIAL INDEX 1 AND SPECIES NO. 1 HUZ = 0.160000C000030000D+01 HO4 = 0.1202200000000000D+01

ISTDPQ IS PRINTOUT FBEQUENCY FOR STEADY STATE COMPUTATION

ISTDFQ = 100

TINE GRID FCR PROUT

NUMRER OF MAJOR TINME VALUES NUTOUT = 5

NOSEBEE OF SOBINTERVALS OP EACH MAJOR TINE INTERVAL NOFREQ = 1

(COTPUT WILL CCCUR A1 EACH SUCH TINE)
MAJOR TINE VALUES U100T =
0.0 0.2500000000000000D+¢00 0.5000000000000200D+20 0.7500000030300000D+00
€.3000000000000000D+01
DATASET CEEMTED FOE OSE IN GRAPHICS
GRAPB = T
NDNBEF FOB GRAPHS ASSOCIATED WITH THIS RUB
1

PEINT SWITCH INDICATORS

IPRSE1 = 0 IPRS®2 = 0 IPRSWI = 0 IPRSWY4 = 0 IPRSNS = )
OCE PACKAGE DATA
LOCAL TEMPOEAL EBRROR COMTEOL EPS = 0.1000000000000000D~-05

INITIAL TIBAE STEP HINIT = 0.10000000000000000-04

WAIINOM OWDEB OF TIBE INTEGHATION
NIGORD = S

IVITIAL TIME TO = 0.0
COBTINOITY FOB E AND Z DIRECTIONS
CCEIR = 3 CGNTZ = 3

INITIAL COBFFICIENTS PCB TRAMNSIENT W=

0.9 0.0 0.9 0.0
0.0 J.0 0.0 c.0
0.0 0.0 0.9 0.0
0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0
0.0 6.0 0.0 0.9
0.0 0.0 0.0 0.0
0.0 0.0 7.0 0.0
0.0 0.0 0.0 .0
0.0 0.0 0.2 0.0

A%



BEGIN TRANSIENT SCLUTION

PROUT FOR TIBME = 0.0
W=
0.0 ¢.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 .0 9.0
0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0
0.0 0.0 3.0 0.0 0.0
0.0 0.9 0.9 0.0 0.0
VALUES OF CONCENTBATICKS U FOR THE 1 TH SPECIES ON THE USERS GRID
(EBCN PRCUT VIA TINEX )
APPROXINATION IS
0.0 0.0 0.0 0.0
APPROXYIMATION IS
0.0 0.0 0.0 0.0

T00T= 0.0

PROUT FOR TINME = 0.2500000000000000D+00

H =
~0.72947668440135490-19 0.5000000000000014D-01 0.3961538461538459D+00 0.5006000000000005D~G1 0.13565479379452¢9D~-19
0.1191076786361984D-18 0.55678609348142000-01 0.3264220664133742D+00 0.5567860934314195D0-01 -0,2007154186117187D-19
~0.3469285311744435D-19 0.5373622275208786D-01 0.2065902784547387D+20 0.5373622275208784D-01 -0,7307272803710924D-20
-0.87€9974723869C24D-20 0.3141263397044821D-01 0.9165137550979925D0-01 0.3141263337044821D-01 0.7337447694122858D-20
-0.1657662927269066D-20 0.6428156872617117D~02 0.17232946905257200~01 0.6428156872617116D-02 -0.1229377366091023D-20
=0.1455754191014963D-20 -0.9187225035183389D-03 -0.2253267119225180D-02 -0.9187225035183423D-03 0.1266968551591699D~20
0.2626484113476297D-20 0.2449097807896525D-03 0.5644143817695680D-03 0.2445097807896548D-03 ~-0,7778647484426675D~-21
-0.1904932€41003882D-20 0.1361843958908679D0-20 -0.1070679977371457D-20 0.2756665947182426D-21 0.2674220873769931D-21

VALUES OF CONCENTRATIONS U FOR THE 1 T8 SPECIES ON THE USERS GRID
(FRCS PROUT VIA TINEX )

APPRCXIMATICN IS
0.5374667375188498D~01 0.71135093097711235D-02 0.87092u8788444497D-03 0.7229221048526679D~04

APPROXIMNATICN IS
0.5374667375186499D~01 0.7113500097711235D-02 0.87052487884445020-03 0.7229221048526637D-04
TOUT= 0.25000000€0000000p+00 HUSED = 0.2380047646046203D-01

ESTIMATED TIME FCR A CALL TO DRIVE 0.0
TINE LEFT 0.1000000000000000D+07

PROUT FOK TIME = 0.5000000000003020D+290

6=
C.6651528641756CH4D-19 0.1€J05030000392030+09) 0.7923076%23076317D+30 0.120000000033000020+.0 0.2577480725162574D~19
-0.110325€441920334D-18 0.1132482529330754D+00 0.6597629282063335D+0C 0.113248,529330754D+00 -2,3637526709426631D=-19

EET



0.3349908575906345D-19
0.137062€899°€256SD~-20
-0.8463283978811017D-20
0.3070621213883561D-20
-0.2161831940758551D-20
0.7719102621400064D-21

VALOES OF CONCENTBATICNS
(FRCH FROUT VIA TIBEX )

AFEFOXIAMATION 1S
0.1175448076964768D+00

AFPROXIBATICYN IS
0.1175448076984769D+00

1001= 0.50000C0€0C000000D+00 HOSED =

ESTIMATED TIHE FOR A CALL
TISE LEFT

PROUT FCF TIME =

¥ =

-0.1977418591724114D0-20
0.435392638810067910-20
~0.4674495779478280D-20
C.66066407864163768D-20
-0.8768208944807520D-20
0.2254229505489684D-20
-0.1631300911039169D0-20
0.6668123114862448D-21

VALUES OF COBCENTBATICHS
(FRCH EBCOT VIA TIMEX )

AFPBOIINATICN IS
0.1814606219634240D+00

APPECIIBATION IS
0.181460621963424CD+00

1001= 0.75000000000000000430 HUSED =

ESTINATED TINE FORB A Call
TIYE LEPT

PROUT POB TIBE =

=
-0.3926570217124249D-20
0.635:3641,9604478D-20
-0.154145736475713¢D-20
0.1921741528659908D-20
-0,11700710198720950~-20
0.21€19692512505650-20
~0.3856654793720451D-21
0.110025757.898814D-21

0.11313171007174360+00

3.71304766005931600-01
0.1905983936178273Dp-01

=0.1487025291945945D~0<

0.8984924457275406D-03
-0.9994207095871014D~21

U FOR THE

0.2020884544007021D-01

0.20208845449970.00-01

TO DRIVE 0.0

0.1000000600000000D+07

0.75000000000000000+00

0.1500000000000309D+00
0.1708303905405104D+00
0.1725712798162247D+00
0.1112997102137181D0+00

0.3188139428508883D-01
-0.1846073860617522D-02

0.1619913629894906D-02

-0.6181338477853578D-21

U0 POB THE 1 TH SPECIES

0.3355248075114753D-u1

0.33552480751147510-01

TO DRIVE 0.0

0.10000€0000000000D+07

0.3000000000000030D+01

0.6000000000000032D+00
0.68907 349 3514430210+00
0.70754231766970830+00
0.47126976847365310+00
0.1473433832433697D¢00
~0.4979731249444996N-04
0.A41546696820890778D-02
-0.536080H6L96686R50D-24

1 TH SPECIES

0.4310.34465407386D+00
0.2271949701790271D+09
0.5138570865895482D-01
-0.3498566259084260D-C2
0.2224464177559582D-02
0.1604448305352406D-20

ON THE USERS GRID

0.3451868398395700D-02

0.3451868398395706D-02

0.3911432534183848D-01

0.1188461538461536D+21
0.9931379713289762D+00
0.6555772161211933D+00
0.3230198394262686D+00
0.8605899203200129D-01
~0.4171382537745868D-22
0.4070108170045271D-02
0.7448031945720230D-21

ON THE USERS GRID

0.6237633840167344D-02

0.6237633840167357D-02

0.6925024337172310D-01

0.47538461538401uBD+I1
0.3993525025350625D+01
0.267¢601933889104D+01
0.13655409495992u9D+01
0.39829482535409,70+00
-0.99%92210279701550-22
0.20795714085%37245D-01
=D.367407054.0647306D-24

0.113131710071748€D+00
0.71304766)03993156D-01
0.1915983536178276D-01
-0.1487025291945993D-02
0.3984924457275646D-03
-0.14544410404481281D-20

0.4897781155596646D-03

0.4897781155596608D-03

0.15J00000000C0009D+00
0.1708303905405104D+00
0.1725712798162249D+00
0.1112997102137179D+00
0.3188139428508892D-01
-0.1846073860617628D-02
0.1619913629894956D-02
-0.52092692)3836307D-21

0.97837431216624450-03

0.9783743121662371D0-03

0.6000000000000329D+CO
0.6890738931443014D+(0
0.70754.23176697083D+00C
0.471289768u716528D+00
0.1473431812433695D+00
=0.49797351.4944u901D-02
0.81506696924890719D-0.
0.992272%367915088D-~22

-7.1217076680055513D-19
0.57640422440925000-20
-0.7295569293913845D-20
0.7816151243049803D-20
-0,4B64626619952347D-20
0.1681951751928367D-20

-0.1760813042178002D-19
0.2935276050054396D-19
-0.1075976895031355D-19
0.10781042966574u45D-19
-0.2231019557010918D-20
0.2256543419131450D-20
-0.1377060013700826D-20
0.4722984566827527D~21

-0.60583353156337899D-20
0.9828333628753606D-20
-0.2039267598267599D-20
0.2024300451500311D-20
0.5139466727982166D-21
-0.54u8226486907610D- .1
0.133611985275131333D-21
-0.115664928400.1593D-211

el



VALUES OF CONCENTRATIONS U FOR THE 1 TH SPECIES ON THE USERS GRID
(FRCH PEQUT VIA TINEX )

APPROXINATION IS
0.75674368174395610+00 0.1537425918845517D+00 0.3140521739769783D-01

APPROXINATICN IS
0.7567436817439562D+00 0.1537425918845517D+00 0.3140521739769083D-01
TO0T= 0.30000C00C0000000D+01 HUSED = 0.3332200893207061D+00

ESTIMATED TIME FOR A CALL TO DRIVE 0.0
TIME LEFT 0.1000000000000000D+07

s3+4%% NOBRMAL DUMP AT END OF TIMEX
I = 5 TOOT = 0.3000000000000000D+01

END OF CASE

0.54151267511168360-02

0.5415126751116849D-02

GET
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We next consider the use of the graphics packages in connection with

this problem. While the cross-section plot program can be used to plot the
solution along a straight line in the domain, we will illustrate the use of
only C@NTPR and THREED in connection with this problem. (The CSP program

will be illustrated in the next example.) In either case the graphics data-
set generated on unit 12 during the computational phase must be assigned to

this unit for the graphics run. For either case we will need Namelist

FORMAT.

Namelist FORMAT

1. Iterative or direct indicator
Since the ordering of the coefficients differs in the two versions,

the graphics program needs to know which ordering to use. In our
case the direct version was used.
ITRTV=0, (Default)

2. Number of curves to be plotted
We have only one equation and thus
IGNUM=1, (Default)

3. Number of grid points in each direction for graphical purposes
This number cannot be larger than the default value NRESD. As the
complexity of the surface increases, this number must increase.
NRESIN=NRESD, (Default) (NRESD=21)

For the CANTPR program we also need Namelist CNTRIN.

Namelist CNTRIN

1. Vector of species numbers
This vector has, as its Ith component, the species number of the Ith
frame to be contoured. The pattern of plots indicated by the vector

is repeated for each time value. In the current case we have only
one species and so,

ISPEC=1, (Default)

2. Real vector of minimum R coordinate for the Ith frame
We use the same value as RLOW.
RMIN=0.0, (Default)
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3. Real vector of maximum R coordinate for the Ith frame
We use the same value as RUP.
RMAX=2.0,

4. Real vector of minimum Z coordinate for the Ith frame
We use the same value as ZLOW.
IMIN=0.0, (Default)

5. Real vector of maximum Z coordinate for the Ith frame
We use the same value as ZUP.
ZMAX=1.0, (Default)

6. Logical indicator for doing time plots
ITIME=F,

7.  Number of time values in time plots
Since we are not doing time plots, it is unnecessary to set this
variable.
NTIME=NRESD (Default) (NRESD=21)

For the THREED program we need:

Namelist DIM3IN

A1l of the variables described in Namelist CNTRIN are used in this
namelist. Also, the following variables are needed.

1. R coordinate of the viewpoint
The viewpoint is given in absolute coordinates. That is, it is
relative to the actual coordinate values used in the graph. It is
usually a good idea to first view the surface from a considerable
distance. Thus, the viewpoint used was (100.,100.,100.).
RVIEW=100.0,

2. 1 coordinate of viewpoint.
ZVIEW=100.0,

3. F coordinate of viewpoint
This is the vertical coordinate of the viewpoint (the solution axis).
FVIEW=100.0,

4. Lower bound on function axis
The Tower and upper bounds on the function axis can be used to
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provide a fixed vertical axis range for several time values (for

use in movie generation). For most purposes it is sufficient to

use the default value
FMATMN=0.0, (Default)

5. Upper bound on function axis.
FMATMX=1.0, (Default)

The following pages contain selected printout from the execution of
CONT@R, the corresponding plots, selected printout from the execution of
THREED, and the corresponding plots. Specifically, for CONTAR we present
output concerning frame 4 (time = .75) and frame 5 (time = 3.0). For THREED
we present the corresponding graphs and the printout associated with frame 4

only. The other printout and graphs are not included in the interest of

saving space.



BEGINNING CONTOUR GRAPHICS PACKAGE
VERSICN NUMBER OF GRAPHS FCEK EACH TIME
ITRTV = 0 IGNUM = 1 NRESIN = 21

USER SUPPLIED FORMAT INSTRUCTIONS

SPECIES RMIN RMAX ZMIN ZMRX
ITIMNE = F
1
0.0 0.2C000000E+01 0.0 0.10C00C00E+01
NRESR = 21 NRESZ = 21

TIME FOR THIS RUN IS 0.0

TIME FOR THIS RUN IS 0.250C0000E+00

R Z F

TIME FOR THIS RUN IS 0.5000000CE+CO

R Z F

TIME FOR THIS RUN IS 0.75000000E+00

R Z F

TIME FOR THIS RUN IS 0.30000000E+01

R Z F

A1



X Y SCALE =
CONTOUR INTERVAL

1 POINT(S)/CARD
GRILC BACKGRCUND=
CONTOUR LINE ID=
IOP SWITCHES= 1

X0RIG= .C
RATIC OF CUTPUT
ZFLAG = .0

VARIABLE FCRMAT=

ORIGIN CALCULATE
XMIN = .0
NOMBER OF EASIC

NEXT PLOTTER TAP
NDEL= 1

ROWS S

cCcLs= 9

X SCALE (INCHES) =
Y SCALE (INCHES) =

NUMBER CF ECINTS
ZMIN,ZMAX= -.312
INTERNAL MATEIX
NUMBER OF OVERLA
CONTCUR STIARTS

VECTOR GENERATIO

DIVISION

0.250 FT. PEF INCH
= 0.100

1 POINT(S) IN LAST CARD

¢ 0 0 0 0 0 0 013 0 0 0 v 0 0 0 0 0 O

YORIG= .0 INPUT SCALE IN UNITS/INCH. X= .2500000 AND Y= .2500000
MAP SIZE TC INEUT MaAP SIZE. X DIRKRECTION= 1.000000 AND Y DIRECTION= 1.000000

(1%,3E14.6,23)
D BY CONTOUE PPOGRAY

YMIN = .0 AMRAX = 8.0000 YMAX = 4.0000
DATA POINTS = 4u

E RECORD IS A GFID.

1.0000

1.0000
TO BE PLOTTED = 44
92E-06 .69%69
ROWS= 21 COLs= 21
Ys= 1

N COMPLETED, NUMBER oOF HEIGHTS= 9

vt



DIVISION

X Y SCALE = 0.250 FT. PER INCH

CONTOUR INTERVAL = 0.100

1 POINT(S)/CARD 1 POINT(S) IN LAST CARD
GRID BACKGECUND= 1
CONTOUR LINE ID=
IOP SWITCHES= 1 0 0 O O O 0 O 013 0

XORIG= .0 YORIG= .0

ZFLAG = .0
VARIABLE FORMAT= (1X,3E14.6,A3)
ORIGIN CAICULATED BY CONTOUFR PRCGPRAM
XMIN = .0 YMIN = .0
NUMBER CF EASIC DATR POINTS = 441

NEXT FLCTTER TAPE RECORD IS A GRID.

NDEL= 1
RCWS 5
coLs= ¢

X SCALE (INCHES)= 1.0000
Y SCALE(INCHES)= 1.0000

NUMBER CF ECINTS TO BE PLOTTED = 441
ZMIN,ZMAX= -.15423E-05 2.7828
INTERNAL MATKIX ROWS= 21 COLS= 21
NUMBER OF OVERLAYS= 1

CONTOUR STARTS

VECTOR GENERATION COMPLETED, NUMBER OF HEIGHTS=
EXIT

30

0

1.000000

KMAX

6

INPUT SCALE IN UNITS/INCH. ¥=

RATIO OF OUTPUT MAP SIZE TO INPUT MAP SIZE. X DIAECTION= AND Y DIRECTION=

8.0000

AND ¥= ,2500000
1.000000
YMAX = 4.0000

evT
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BEEGINNING THEEE DIMENSIONAL GRAPHICS PACKAGE

VERSION NUMBER COF GRAPHS FCP EACH TIME
0 1

NEESIN = 21

ITINE =

USEF SUEPLIED FORMAT INSTRUCTIONS

SFECIES RMIN EMAX ZMIN
! 0.0 0.20000G00E+01 0.0
NRESF = 21 NFESZ = 21
VIEWPCINT IN ABSOLUTE COORDINATES
X Y Z
C.100000C0E+C3 0.10000000E+03 0. 10000000E+03

USEEF SUFPLIEL F-AXIS RANGE

FMATHN = 0.0 FHATHX

ZMAX

0.100C000JE+01

0.30000000E+01

9p1



TIME FOR THIS RUN IS

0.75000000E+00

L1



FLCT NO.

F10T 1ID.
PLOT O

4 WITH THE TITLF
2-C KINEIICS
EAS BEEN CCMELETED.

FEACS
11.32.18

NC. OF FIREST ELOT

u

FRI 15 APP, 1977

PLOTTING COMMENCING

JOB=HEAT 3D

Issco,

DISSPLA VER 4.11

8hl



X3DAXIS= 1.00
Y3DAXIS= 1.00
Z3DAXIS= 1.00

IN ABS. 3-D UNITS

XV0= 1.000E+02
YVU= 1.000E+02
ZVU= 1.000E+02
IN ABS. 3-D UNITS

X3CORIGIN= 0.0
Y3CORIGIN= 0.0
Z3DCRIGIN= 0.0

STEP SIZE
X3DpSTP= 5.000E-01
Y3DSTP= 2.000E-01
23DSTP= 5.000E-01

MAXINUM

X3DMAX= 2.000E+00
Y3DMAX= 1.000E+00
Z3DMAX= 3.000E+00

..... s s s s e s asmsene s saen

LCCATICN OF CURRENT PRYSICAL ORIGIN

X= 0.50 Y= 1.12
FRCM LOWER LEFT CORNER

INCHES .

OF PAGE .

671
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RUN - 1

Figure 7.1.3
Three-dimensional perspective surface for heat conduction problem

4
SPECIES 1
7-50000%10"

FRAME
TIME
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DISPL1 THREED PERSECTIVE PLOT
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Figure 7.1.4
Three-dimensional perspective surface for heat conduction problem
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7.2 Water Hammer

This example involves a hyperbolic system of flow equations for a water

hammer problem [6].

down a conduit with a valve at the exit end.

The model considers the flow of water from a reservoir

The valve is closed at a linear

rate and, after closure, the flow reverses.

The continuity and momentum equations form a pair of quasi-linear hyper-
bolic partial differential equations in two dependent variables, velocity u
and pressure head H, and two independent variables, distance along the pipe

The equations are given by

x and time t.

(7.2.1)

where

- O — v wu
1]

=

H =

u:

. the
. the
. the
.. the
. the

.......... the

. the
. the

2

a_H.-{-a_.ili:O,

X g ox

du oH _ _ _ululf
ax | 9 3x 20

acceleration due to gravity.

speed of sound in water.

length of the horizontal conduit.

diameter of the conduit.

friction coefficient.

distance along the conduit from the reservoir.
pressure head in the conduit at x and t.
velocity in the‘conduit at x and t.

The valve is located at x = L, and is closed at a linear rate until it is
fully closed at t = tc = 5.9; thereafter, the valve remains closed.

The boundary conditions are as follows:

(7.2.2)

where

H(0,t)

u(L,t)

. the

305.12,

wu

b

steady-state velocity.
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I
L]

300 ... the steady state head loss across the valve.
(1 -t/5.9), 0<t=<5.9

-
L]

0 , t>5.9

The initial conditions are the steady-state conditions, viz.

u(x,0) = ug = 3.5

(7.2.3) (uo)zf X
H(x,0) 305.12 -

We shall use this problem to illustrate: the procedures for setting up
one-dimensional problems, nonlinear boundary conditions, and graphical output
for one-dimensional problems.

It is assumed that the reader has already considered sample problem 7.1;
therefore, we shall not discuss those items in the namelists which can be ig-
nored for this problem. Recall that this problem is one dimensional and we
shall arbitrarily take this dimension as the r direction.

1. Spline Order
KR=4, KZ=1,
KZ=1 is one of the parameters which is used in defining a one-
dimensional problem. In this problem we will use smooth cubics, so
that KR=4, is a default value.

2. Continuity at the mesh points
The default values are used, i.e.
CONTR=3, CONTZ=0,
Note that since KZ=1, CONTZ must be zero.

3.  Number of species
NSPEC=2,

4, Domain
RUP=4253.5,
The other values are default values.
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10.

12.

13.

22.

23.

Total number of non-interface mesh points in each direction

NMR=9,
The value NMZ=0, is default and this value should be used for one-

dimensional problems in r.

Additional non-interface mesh points
RMESH=425.35, 850.7, 1276.05, 1701.4, 2126.75, 2552.1, 2977.45,

3402.8, 3828.15,

Quadrature Order
NQR=4, NQZ=1,
NQZ=1 should be used for a one-dimensional problem in the r direc-

tion.

Index for algebraic boundary conditions
ALGBCS=T,
This is the default value; however, it is worth noting that for
boundary conditions which are not of the form Un = Pm
known function of t and x only, the concept of a time derivative
of the boundary conditions is not feasible in this program. Hence

where p_ s a
m

for non-standard and/or nonlinear boundary conditions, one must use
ALGBCS=T,

Number of points in the r-direction for the user's grid
IRGRD=6,

R coordinates for the user's grid
RGRID=0.0, 850.7, 1701.4, 2552.1, 3402.8, 4253.5,

Next we consider Namelist DATA.

Boundary condition switches
NS1(1)=1, NS3(1)=-1,
NS1(2)=-1, NS3(2)=1,
Here we have selected the head pressure as the first species and
the velocity as the second species. The default values NS2(i) =

NS4(i) = 0 for i = 1,2 are needed for a one-dimensional problem
in r.



2. Boundary value coefficients

ALPHA(1,1)=1.0, BETA(1,1)=0.0, GAMMA(1,1)=1.0

ALPHA(1,3)=1.0, BETA(1,3)=0.0, GAMMA(1,3)=1.0,

ALPHA(2,1)=1.0, BETA(2,1)=0.0, GAMMA(2,3)=1.0

ALPHA(2,3)=1.0, BETA(2,3)=0.0, GAMMA(2,3)=1.0
The default values on sides 2 and 4 must be used for one-dimensional
problems in r.

8. Output time control
NUTOUT=21,
UTouUT=0.0, 0.429, 0.859, 1.288, 1.717, 2.147, 2.576, 3.005, 3.435,
3.864, 4.293, 4.723, 5.152, 5.581, 5.841, 5.9, 6.01, 6.44, 6.869,
7.298, 7.728,
If one were to use, for example, NUTOUT=8 in conjunction with this
UTOUT array, the program would integrate the equations from t = 0.0
to t = 3.005 with output at each of the first eight times in the
UTOUT array. If one wished to restart from t = 3.005 to go to
t =7.728, for example, then one would use NUTOUT=21 with this same
UTOUT array. Thus NUTOUT is the number of output times desired
counting from the first element of the UTOUT array. This is true
even on a restart.

11. ODE Seolver control parameters
For this problem we used
EPS = 1.D-6, HINIT = 1.D-6,

This completes the input for the two namelists for this water hammer
problem. Next we consider the user-supplied subroutines. Again we assume
that the user starts from the model subroutines described in section 4.

Subroutine RHOCP
For both species, the coefficient of the time derivative term is

identically one; thus we use
RC=1.D0

Subroutine DIFUSE
There are no diffusion terms in this problem; hence
DIFUR=0.DO
DIFUZ=0.D0O

155
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Subroutine VEL
This problem was run with the convection term explicitly displayed and

also with the convection term grouped with the distributed term. In the run
shown here we have used the convection term grouped with the distributed

source term. Thus we have:
VELR=0.D0

VELZ=0.D0
Note that the use of VELZ=0.DO and DIFUZ=0.D0O are part of the defining relations

for a problem which is one dimensional in the r direction.

Subroutine EXTSRC
The first species is the pressure and the second species is the velocity.

Since we have grouped the convective terms with the distributed source terms,

we have from Eq. (7.2.1),

1st species:
- aH a2 ou _ *
VW = -u ax g ax -SPDEN(2) SPDENR(1)-ASDG*SPDENR(2)

2nd species:

Wl g gg-- !%%lf-= ~SPDEN(2) *SPDENR (2) -G*SPDENR(1)
~F*SPDEN(2) *DABS (SPDEN(2))/2 . DO*D
where G = 32.200
D = 3.D0
F = 0.01900

ASDG = (3963.D0**2)/G

Subroutine FDEXTU

Recall that, for each species, this routine calculates the Frechet deriva-

tive 0 the d]St ibuted source With es ! -~
f r r respect to u(k , k' and ——< k' for
( ) 3 ( ) ’ a2 )

k' = 1,NSPEC.
Consider the 1st species. The source term is
2
oy Bl au

VvV u 3 T ax —SPDEN(Z)*SPDENR(1)-ASDG*SPDENR(2).

Thus
v _

au(l) ~ 0,
i.e.

UU(1) = 0.po.
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VWV _  3H
du(?2 ax?
1.€e.
UU(2) = -SPDENR(1).
vV '
- _ oH oy
au (1) = -u, (u.(1) = 555 u(2) = )
1.e.
UUR(1) = -SPDEN(2).
avw__ .2
3 (2 a-/g,
1.e.
UUR(2) = -ASDG.

This is a one-dimensional problem in r; hence

uuz(1)=0.D0,
UUzZ(2)=0.D0.

Next, consider the 2nd species.

= _y%u _ 3H _ululf
W u X 9 X 2D ’
Thus
VW _
au(l1) 0,
i.e.
Uu(1) = 0.DO
oVV_ _ _du _ fulf
du(2) 3X D °
i.e.
uu(2) = -SPDENR(2)-F*DABS(SPDEN(2))/D.
VWV _ _
urlli 9
i.e.
UUR(1) = -G
W
au_(2 us
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UUR(2) PDEN(2)
UuZ(1

S
=0.D0
uuz(2)=0.D0

oo n
o001

Subroutine INDATA |
The initial conditions are given by Eq. (7.2.3); thus we have:

G=32.2D0
ASDG=(3963.D0**2)/G
D=3.D0
F=0.019D0 2) 69 0 10
IF(K .EQ.
UU£305.12D0-F*(3.500**2)*RR/(2.DO*D*G)
RETURN
10 UU=3.500
RETURN

Subroutine BRHO
The boundary conditions are given by Eq. (7.2.2). Using the model sub-

routine for BRHO described in section 4, we have:

after 101
RHOV=305.12D0

after 203

RHOV=0.D0
TAU=1.D0-(T/TC)
IF(T .LT. TC) RHOV=UO*TAU*DSQRT (SPDEN(1)/H0)
RETURN
where
TC=5.9D0
HO=300.D0

U0=3.5D0

In the Master Driver, both AL and GPW were of dimension 784 (AL could
have been half this size). The water hammer problem was run on an IBM 370/195.
With the same macros as used in the first problem, this problem used 356K
bytes of fast memory and ran with 42 seconds for the CPU time. In (6], this
problem was solved by the method of characteristics and the results are shown
in Table 7.2.1. Since we have selected the output grid and the output times to

be the same as those in Table 7.2.1, the results can be compared and the
agreement 1s seen to be excellent.

The following pages contain the printed output from the computational
phase of DISP!



Table 7.2.1

Output from method of characteristic solution

TINKE

«000

- 429

«859

1.288

1.717

2.147

2.576

3.605

3.435

3.864

4.293

4.723

S.152

S.581

6.C10

60440

6.869

7.2948

,. 128

TAU

1.000

«927

« 854

- 782

«7C9

« €36

«563

«491

«4ld

« 345

<272

«2C0

- l27

«05%

.CCO

+C09

« 000

«JCO

«0C0

X/L=

H=
V=

H=
V=

H=
V=

Hs
V=

0.

305.12
3.50

305.12
3.50

305.12
3.50

305.12
3.35

305.12
3.04

305.12
2.70

305.12
2.33

305.12
l1.94

305.12
1.53

305.12
1.29

305.12
1.02

395.12
«76

305.12
«54

305.12
.29

305.12
«00

3C5.12
-«30

305.12
~eb2

3C5. 12
=53

ins.12
-e29

.2

3C4.1C
3.50

304.1C
3.5¢C

3C4.10
3.50

322.606
3.35

324.44
3.03

326.15
2.69

327.68
2.33

329.94
1.93

322.97
1.58

322.32
l.29

321434
1.02

319.96
« 77

3l8.11
.5"

322.63
«29

323.23
«00

3264.217
. 3C

316. 74
-e55

232.117
—e54

24/.0%
-.25

ol

303.07
3.50

303.07
3.5C

312.30
.43

331.84
3.27

343.79
3.02

347.20
2.68

350.87
2.32

350.59
1.95

344.33
l1.61

339.43
1.39

337.406
1.03

334.68
.78

334.02
«53

o0

302.05
3.50

302.05
3.50

32C.90
3.35

341.24
3.18

363.21
3.01

368.33
2.66

373.43
2.30

370.63
1.97

364.57
1.64

356. 38
1.31

353.37
1.04

349.16
«79

350445
«52

353.71
.25

359,48
~«01

353.99
-e25

322.91
- 29

2d6.29
-+30

256.61
-e25

301.02
3.50

310.30
3.42

329.92
3.27

351.11
3.09

373.98
2.91

389.56
2.64

392.68
2.30

390.C6
1.99

384.88
1.67

376.65
1.35

368.98
1.06

366.35
.79

367.36
51

370.34
«23

376.26
~e04

350.04
-.12

323.37
—ele

287.08

-e15

248.66
~.l6

l'

3€0.09
3.50

318.93
3.35

339.37
3.18

36l.43
3.00

385.24
2.81

410.93
2.61

410.99
2.31

4C8.83
2.00

404.01
1.70

396.00
1.39

3g4.19
1.08

383.85
<19

384.77
<50

387.70
22

384.48
<00

358.51
«00

323.51
«00

287.33
10

249.03
00
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STORAGE MAXIMA POF THTS COMPILATION
MAYRRK n

vyXse 2
MaYTSD u
“AXK 4
“YXNRNZ 100
MXNVAR 100
“AXNOT 40
MXRGRD 20

MXZGRD 20

091



RFADING NAMELIST 3RID

¥KF = Kz = 1
NTIR = 0 NTIZ = O
NIDEC = 2
RL2% = .2 RUP = 0.4253500000000000D+ 04
L0V = c.n up = 0.1000000000000000D+01
NMR = 9 NMZ = a
INITIAL CONTP = 13 INITIAL CONTZ = 13
GFCMETEY INDICATOR = O
ADCITIONAL K GRID POINTS
T = 1 RMESH(I) = f.4253500000090000D+03
I = 2 RMESH(IY = 0.8527000000003000D+03
T = X PMESH(I) = 0.1276050000000000D+9%4
T = u RMESH(IYV = N.1701400000030000D+ 34
T = 5 RMESH(I) = N.2126750000000000D+04
I = € SMESH(I) = 5.2552100000000000D+ 04
T = 7 FMESH(IV' = 0.2977450000000000D+04
T = R’ RMESH (I} = 0.3402800000000000D+0u
I = 9 RMESH(I) = 1.382815007007°0000D+94
NC ADDITIONAL Z GPID POINTS
QUADRATURE ORDER FOR F DIRECTION 4
OTADPATURE ORDEP FOR Z DIRECTION 1
MATERIAL TABLE IS GIVFN AS MATL(KINDEX,ZINDEX)
MATERIAL TABLE FOR 7INDEX = 1
1
CONSRY= F 9
ALGBCS= T
LOGICAL SWITCHES TO CONTROL PROGRAM
STFDS® = F RUESSW = F TRANSW = T INITSW = T
ISTDRS = P ITRARS = F IANAL = F
DUMPSW = F
IRFVLA( 1) = F
TREVLA( 2) = F

ORDER OF SPLINF DPERIVATIVES CCMPUTED IS O
NUMBER OF USFR SUPPLIED POINTS IN R DIRECTION 6

PREID( 1) = 0.0

PGFID( 2y = N.85070000D+03
RGRID( ) = 0.17214000D+04
RGFID( W) = N.2552100CD+04
PGRID( 5) = 0.3uNn28000D+0u
RGRID( 6} = N.482535000D+04

NUMBER OF USER SUPOLIED POINTS IN Z DIRECTICN 1
ZGRID( 1) = 0.50000000D+00

READING NAMELIST DATA

CONTR TCO HIGH, BFING RESET TO 4-1
CONTZ TOO HIGH, BFING RESET TO 1-1
NVARAPp = 7 NHGA® = 3 LR = 10 Lz = 1 NR = 13 NZ = 1
IL(TY =
4 5 6 7 A g 10 1t 12 13

JL(J) =

191



1

IRFF (I} =
1 1 1 1 1 1 1 1 1 1

JREF(D = 1
MLTAB( 1, 1)
MLTAB( 2, 1)
BLTAB( 3, 1)
BLTAB( 4, 1)
MLTAB( 5, 1)
MLTAB( 6, 1)
MLTAB( 7, 1)
KLTAB( 8, 1)
MLTAB( 9, 1)
NLTAB (10, 1)

LI T O T | O (I T
[T I QU S U G

HORIZONTAL OFDERING

NI= 2 NJ= 26 NCC= -28 MRW= 7

NIH= 1 NJH= 13 NCCH= =13 DH= 3

SYSTE® SIZE FOR THIS CASE

LR = 10 12 = 1
NF = 13 N7 = 1
NVAB = 26

THIS IS THE DIRECT VERSION

THIS VERSION DOF¥S NOT REQUIRE BOUNDARY CONDITIONS ON EVERY SIDE
POR SPECIES NO.

SIDE 1 ALPHA =  0.12000000D+01 3ETA = 0.0 - GANMA = 0.1000CC00D+01
SIDEZ 2 ALPHA = 0.0 BETA = =-0.10006000D+01 GAMNA = 0.0
SIDE 3 ALPHA =  0,10000000D+01 BETA = 2.0 GAMMA = 0.10000000D+01
SIDE 4 ALPHA = 0.0 BETA =  0.10600C00CL+01 GANNA = 0.0
PCR SPECIES NO. 2
SIDE 1 ALPHA =  0,10000000D+01 BETA = C.C GANNA =  0.1000CC00D+C1
SIDE 2 ALPHA = 0.0 BETA = ~-0.10000000D+01 GARMA = 0.0
SIDE 2 ALPHA =  2.100000000+01 AETA = 0.0 GAMMA =  0,100000000+01
SIDE u ALPHA =  0.C BETA =  0.10000000T+01 GAMNA = 0,0
SIDE INDICATORS BY SEECIES
POR SPECIPS WO. 1 NS1= 1 NS2= 0 NS3= -1 NSu= 0
POR SPECIES NO. 2 NS1= -1 ¥s2= 0 NS3e 1 NSuz 0
CONVECTION VELOCITY IN P DIRECTION 0.0
CONVECTION VELOCITY IN 2 DIPECTION 0.0
BOUNDARY H PUNCTION FUS SIDES 1 AND 3
SPECIES NO. 1 MATERIAL INDEX 1 HU1 = 0.10000000CCC00C000401 HUY = €.100€0000CC000CCOD+0Y
SPECIES MO, 2 ATERIAL INDEX 1 HU1 = 0.100000C000000000D+91 HUY = 0.1000000000000000D+01
BOUNDARY H PUNCTION PA® SIDES 2 AND 4
SPECIES WO. ' WATESIAL INDEX 1 HU2 = 0.10000000000000C 0D+ 01 HUG = 0.1000000000000CC0D+0Y

SPPCIES NO. 2 MATERIAL INDEX 1 HU2 = 0.1700000000000000D+"1 HNu = 0.10000000000000000+01

291



EFACTION

PATES

FIRST ORDFR RATES

CK INTO

1 0.0
CK INTO 2 FROM 1 IS 0.0
CK INTO 1 FFOM 2 IS 0.0
CK INTO 2 FROM 2 TS 0.0
SECOND ORDER PEACTION RATES ARE
CKK INTO K = 1 FOR KP = 1 INTO KPP = 1 Chk( 1, 1, 1Y = 0.0
CKK INTO K = 1 FOR KP = 2 INTO KPP = 1 CKK( 1, 2, ) = 0.0
CKK INTO K = 1 FOR KP = 1 INTO KPP = 2 CKK( 2, 1, n = n.o
CKK INTO K = 1 FOR KP = 2 INTO KpP = 2 CKK( 2, 2, 1}y = G.n
CKK INTO K = 2 POk KP = 1 INTO KPEF = 1 CKK( 1, 1, 2y = 0.¢
CKK INTO K = 2 FOR KP = 2 INTO KPP = 1 CKK( 1, 2, 2y = n.n
CKK INTO K = 2 FOR KP = 1 INTO KPE = 2 CKK( 2, 1, 2y = 0.0
CKK INTO K = 2 FOR KP = 2 INTO KPP = 2 CK¥( 2, 2, v = 2.0
ISTDFQ = 100
TIME AND SPACE GRID FOR PROUT

1 FRONM

NOMBER OF MAJOR TIME VALUES 21
NUMBER OF SUBINTERVALS OF EACH MAJOFR TIME INTEEVAL 1

(OUTPUT WILL OCCUR AT RTACH SOUCH TIME)

MAJ

CR TIME VALUDES

0.0
0.1717000000000000D+01
0.3435000000000000D+01
0.5152€00000000000D+01
0.6010000000000000D+01
0.7728000000000000D+ 01

0.429C000000000000D+0C
0.2147000000000000D+01
0.3864000000090000D+01
0.5581000000000000D+01
0.6440000000000000D+01

0.859C0M0NN0COND0NON+00
£.2576000000000000D+01
0.4293000000690000D0+01
C.5841000000000000D+01
0.686Q0000N00N0I00D+01

N.1288CCCC0C0000CCD+01
0.3005Ccco0occoccceD+01
9.47230CC0000000C0N+01
€.5900€CC0000000C0D+01
0.72930000000000000+91

DATASET CREATED POR USE IN GRA

GRAPH =

T

PRINT SWITCH INDICATOES

IPRSW1 =
ODE PACK
EPS =

0 IPRSW2 = 0
AGE TCATA
0.1001000000000000D-0

PHICS

IPRSW3

S

HINIT =

=0 IPRSWLU = (O

CONTINUITY FPOR R AND 7 DIRECTIONS MAY HAVE BEEN RESET

CONTR =
DEFAULT

VALUES OF CONCENTRATION U OF THE

3 CONTZ = 0
INITIAL COFPFICIENTS

0.1000000000000000D+01
0.1000000000000000D+01
0.10000C00000000000D+01
0.1000000000000000D+01
0.10000000009700000D+01
0.106CON0QNN00NN00D+01
0.1000200000000000D+01

(FROM INIFIT)

0.30¢

VALUES OF CONCENTRATION U OF THE

0B4u214941653D+03

(FROM INIFIT)

0.34999999922871N8D+01
VALUES OF CONCENTRATICN U OF THE

(FROM INIFIT)

0.3045719980340051D+03
VALUES OF CCNCENTRATICN U OF THE

(FROM INIFIT)

0.3499999983324220D+01
VALUOFS OF CONCENTRATION U OF THE

(FPOM TR

£, 0UCEIZIUETINE S 47

JFTT)

0.3049508954012962D+03
2 TH SPECIES AT

0.3500000011285541D+01
1 TH SPECIES AT

0.30443847194115300+03
2 TH SPECIES AT

0.34999999596017270D+01
1 TH SPECIES AT

".1739260484810054D+03

0.100000000600000CD+01
0.10020000C0C00CCLD+M
0.1903000000C0CC00D+01
€.1003200000000000D+C1
0.10000000600C0C0O00D+01
0.1000000000000000D+01
0.10020C0000C0N0Q00D+ 01

0.1000000000000000D-05 MF = 21

1 TH SPECIES AT THE QUADRATNFPFE POINTS IN THE ( 1,

.0.3047766811385551D+03
THE QUACRATURE POINTS IN THE ( 1,

€.2499999997878174n+01
THE QUACRATURE POINTS IN THE ( 2,

0.3042642576784146D+03
THE QUADRATURE POINTS IN THE ( 2,

C.35000000206A5954D+01
THF QUALCRATURE POINTS IN THE ( 3,

0.3237518342182685n+C3

IPRSWS = 0

€.100000000000000CD+01
€.17°00060902300000C+01
0.100000000020000CD+C1
(¢.100200060CRCCO0ND+CT
0.10000007C0000000C+01
0.1200096000C000000P+01

MXGORD

5

0.1000000000000000D+01
0.1000000000000000D+01
0.1000000000000000D+01
€.1000000000000000D+01
0.1000000000000000D+01
0.10C0000000000000D+01

1) -TH RECTANGLE.

0.3046431550457051D+03
1)-TH RECTANGLE.

0.3499999984133205D+01
1) ~TH RECTANGLE.

0.30413€7315855603D+03
1)-TH RECTANGLE.

0.3500C00C02773492CD+01
1) -TH SECTANGLE.

0.30361830R125416 1N+ "¢

€91



VALUES OF (TVCTNTRATI (N

(FEOM INTFIT)

0.3508000021935441D+01
VALUES OF CONCENTRATICN U

(FROM INIFIT)

0.303%471511137148D+03
VALUES OF CONCENTRATICN U

(FROM INIFIT)

0.3u99999965274454D+01
VALUES OF CONCENTRATICN U

(FPROM INIFPIT)

C€.30303472765356920+03
VALUES OF CONCENTFRATICN U

(PROM INTFPIT)

0.350000006 13489530+01
VALUES OF CONCENTRATICN U

(FROM TINIFIT)

C.10252230819342470+03
VALUES OF CONCENTRATICN U

(FPROM INIPIT)

0.34999998875608u4D+01
VALUES OF CONCENTRATICN U

(PROM INIFIT)

0.302009R807332795D+03
VALUES OF CONCENTPATICN U

(PROM INIFIT)

0.35000002067088250+01
VALUOES OF CONCENTRATICN O

(FBON INIFIT)

0.3014974572731347n+03
VALOES OF CONCENTERATICKN U

(FPOM INTPIT)

0.3499999633u51511p+01
VALORS OP CONCENTRATION U

(PROA INIFIT)

0.3009850338129R8360+03
VALOUES OF CONCENTRATICN T

(PRCH INIFPIT)

0.350000C5271339660+01
VALUES OF CONCENTRATICH U

(PPON INIPIT)

0.30047261035284u43D+(3
YALOES OF CONCENTRATICN U

(PBOA INIPIT)

0.35000004R253813A4D+01

. .4 SPECTE3 AT

0.3494%999995090316D+01
OF THE 1 TH SPECIES AT

2.3034136250208518D+03
OF THE 2 TH SPECIEZS AT

0.3500000015534055D+01
OF THE 1 TH SPECIES AT

0.3029012015607162D+03
OP THE 2 TH SFECIES AT

0.34999999675u5694D+01
OF THE 1 TH SPECIES AT

0.3023887781005716D+03
OF THE 2 TH SPECIES AT

0.3500000063001327D+01
OF THE 1 TH SPECIES AT

0.301876354640u265D+02
OF THE 2 TH SPECIES AT

0.3499999876642619D+01
OF THE 1 TH SPECIES AT

0.3013639311302317D+03
OF THE 2 TH SPECIES AT

0.3500000269277111D+01
OF THE 1 TH SPECIES AT

0.3908515077201366D+02
OF THE 2 TH SPECIES AT

0.3499999186632u25D+01
OF THE 1 TH SPECIES AT

7.3003390842599713D+02
OP THE 2 TH SPECIES AT

0.3500003770169525D0¢01

THE QUADRATNRE POINTS IN

0.3499999957284935D+01
THE QUADRATURE POINTS IN

0.3032394107581249D+03
THE ONADRATURE POINTS IN

0.3500000NR1371008D+N1
THE QUADRATORE POINTS IN

0.30272638729797900+03
THE CI'ALRATURE POINTS 1IN

€.3499999A471838608D+01
THE QUACRATORE POINTS IN

¢.3022145638378341D+03
THE QUACRATORE POINTS 1IN

0.35000MN296157951D+01
THE QUACTRATURE ©°OINTS IN

0.3017021403776891D+03
THE QUALRAT'IRE POINTS IN

0.3499999462905689D+01
THE QUADRATNRE POINTS 1IN

0.30118971691754u410+03
THE QUADRAT"RE POTNTS IN

€.3500001021777931D+N1
THE QUADRATIIRE POINTS 1IN

0.30(:6772934573992D+03
THE QOADRATHURE POINTS IN

0.3u499997984898517D+ N1
THE QUADRATURFE POINTS IN

G.3ND01AUAARIGIT25u4D+NA
THE QUADRATURE POINTS 1IN

£.,7499909936380TU8N+M

TH® ( 3, V)-TH RECTANGLE.

0.3499999952C04673D+01
THE ( 4, 1)~-TH EECTANGLE.

0.3031C588466527C7D+03
THE ( 4, 1)-TH FECTANGLE.

0.3500€€00872877370+01
THE ( S, 1)-TH FECTANGLE.

0.3025934612051261D+03
THE ( S5, 1)-TH RECTANSLE.

0.309999983836266CD+01
THE ( 6, 1)-TH FECTANGLE.

0.30208103774498100+03
THE ( 6, 1)-TH RECTANGLE.

0.3500000300206845D+01
THE ( 7, 1)-TH RECTANGLE.

0.30156R861428u8361D+03
THE ( 7, 1)-1H RECTANGLE.

0.3u99999uuB 1875220401
THE ( 8, 1)-TH RECTANGLE.

0.3010561908246910D+03
THE ( 8, 1)-TH RECTANGLE.

£.35006CC958966381D+01
THE ( 9, 1)-TH RECTANGLE.

0.3005437673€45u€3D+03
THP ( 9, 1) -TH RECTANGLE.

n,3499998916494712D+01
THE ( 10, 1)-TH BRECTANGLE.

0.3000313439C4uC14D+03
THE ( 10, 1)-TH GECTANGLE.

0.3699982833460185D+01

va1



READING NAMELIST

DA TA

CHANGES IN NAMFLIST DATA MAY HAVE BEEN MADE FOR TRANSIENT

FOR SPECIES NO. 1

SIDE 1 ALPHA = 0.10000000D+01 BETA = 0.0 GAMMA =
SIDE 2 ALPHA = 0.0 BETA = =0.10000000D+01 GAMHMA =
SIDE 2 ALPHA = N.10000000D+01 BETA = 0.0 GAMMA =
SIDE 4 ALPHA = . BETA = 0.100000C0D+01 GAMMA =
FOR SPECIES WO. 2
SIDE 1 ALPHA = 0.10000000D+01 BETA = 0.0 GAMMA =
SIDE 2 ALPHA = 7.0 BETA = -=0.10000000C+01 GAMMA =
SIDE 3 ALPHA = 7.13000000D+01 BETA = c.0o GAMMA =
SIDE 4 ALPHA = 0.0 BETA = 0.1006G000D+01 GAMMA =
SIDE INDICATORS BY SPECIES
FOR SPECIES NO. 1 NS1= 1 NS2= 0 NS3= -1 NS4= 0
FOR SPECIES NO. 2 NS1= -1 NS2= 0 NS 3 1 NS4= 0
CONVECTION VELOCITY IN R DIRECTION 0.0
CONVECTION VELOCITY IN Z DIRECTION 6.0
BOUNDARY H FUNCTION FOR SIDES 1 AND 3
SPECIES NO. 1 ®ATERIAL INDEX 1 HU1 = 0.100000C0C0000000D+71 HU3 =
SPECIES NO. 2 MATERIAL INDEX 1 HU1 = G.1000000000000000D+01 HN3 =
BOUNDARY H FUNCTION POR SIDES 2 AND 4
SPECIES NO. 1 MATERIAL INDEX 1 HU2 = 0.1000000000000000D+01 HUY4 =
SPECIES NO. 2 MATERIAL INDEX 1 HU2 = 0.1000000000000000D+01 HO4 =
REACTTION RATES
FIRST ORDER RATES
CK INTO 1 PPOM 1 IS 0.0
CK INTO 2 FROM 1 IS 0.0
CK INTO 1 FROM 2 IS 0.0
CK INTO 2 FROM 2 IS 0.0
SECOND ORDER REACTION RATES ARE
CKK INTO K = 1 POR RP = 1 INTO KPP = 1 CKK( 1, 1, 1) = 3.0
CKK INTO K = 1 FPOR KP = 2 INTO KPP = 1 CKK( 1, 2, © = n.9
CKK INTO K = 1 POR RP = 1 INTO KPP = 2 CKK( 2, 1, 1) = 0.0
CKK INTO K = 1 FOR XP = 2 INTO KPP = 2 CKK( 2, 2, ) = .0
CKK INTO K = 2 POR RP = 1 INTO KPP = 1 CKK( 1, 1, 2 = 0.9
CKK INTO K = 2 FPOR KP = 2 INTO KPP = 1 CKK( v, 2, 2) = 0.0
CKK INTO K = 2 POR KP = 1 INTO KPP = 2 CKK( 2, 1, 2y = 0.0
CKK INTO K = 2 FOR KP = 2 INTO KPP = 2 CKK( 2, 2, 2) = 0.0
ISTDFQ = 100
TIME AND SPACE GRID FOR PROUT

NUMBER OF MAJOR TIME VALUES 21
NUMBER OF SUBINTERVALS OF EACH MAJOR TIME INTERVAL 1
(OUTPNT WILL OCCUR AT EACH SUCH TIME)

MAJ

OR TIME VALUES

0.0
0.1717€00000000000D+01
0.3435000000000000D+01
0.5152000C€00n000000D+01
0.6010000000000000D+01
0.7728000000000000D+01

0.4290000000000000D+00
0.21470000600000000D+01
0.3864000000000000D+01
0.55810000000000C0D+01
0.6440000000000000D+01

DATASET CREATED POR USE IN GRAPHICS

GRAPH = T

PRINT SWITCH INDICATOES
IPRSW1 = 0 IPRSW2 = 0 IPRSW3 = 0
ODE PACKAGE DATA
EPS = 0.1000000000000000D-05 HINIT =
CONTINUITY FOR R AND Z DIRECTIONS
CONTR = 3 CONTZ = 0

IPRSHU = 0

0.8590000000000000D+00
0.2576000000000000D+01
0.4293000000200000D+01
6.5841000000000000D+01
0.6869000000070000D+01

IPRSHS =0

0.100CC00CCCGD0029D-05

0.100000C0D+C1
0.0
0.10000C00D+C

0.100000C0D+C1
n.9
0.1000CCCOD+C
0.9

0.100CCCCOCCCO0000D+01
0.100CCCCOCCCOCCCOD+01

0.700CCCCOCCCOCCCOD+0
0.1700CC00CCCCCCCCOD+0

0.128800600C000000D+01
0.3005CC00CCCCOOCCD+01
0.47230C0000000CCCD+01
0.5900CN0000000000D+01
N.7298CCCOCCLCCOCOD+01

= 21 PXGCEFL = 5
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INITIAL COBFFICIENTS FCR TRANSIENT

0.30512000017000230D+03
0.3046075765398622D+03
0.3035827296195667D+03
0.3625578826992759D+03
0.3015330357789858D+03
0.3005091888586958D+03
0.2999957653985508D+03

0.3499999979998900D+01
0.3499999922026616D+C1
0.349999983R219784D+01
0.3499999463305600D+C1
0.3499998111794399D+C1
0.349999186177u387D+01
0.3499975298071043D+C

0.304949192179938CD+03
£.3040951530797070D+03
0.3030703061594194D+03
0.3020454592391300C+C3
0.3010206123188402D+03
0.300166573218599Cb+03

0.3500000047755501D+01
0.3500000098689985D+01
0.3500000290486270D+01
0.3500001001598519D+01
0.3500003680296129D+01
0.3500014932673946D+01

991



BEGIN TRANSIENT SOLWTION

PROUT POR TIME = 0.0
W =
0.30512000D+03 0.353030000D+01 0.30494919D+03 N0.25000000D+01 0.30460758p+03 0.34999999D+01
0.30409515D+03 0.35090001D+01 J.30358273D+03 0.3099999RD+01 0.30307C31D+03 0.35000003D+01
0.30255788D+9? 0.34999995D+01 0.30204546D+03 0.35079010D+01

VALUES OF CONCENTRATIONS U OF THE

0.30102061D+03
0.29999577D+ 03

0.35000037D+01
0.34999753D+01

0.30050819D+03

0.34999919D+01

1 TH SPECIES ON THE OSERS 3RID

0.3C1533Cup+03
0.30016657D+03

0.34999981D+01
0.35000149D+01

(FROM PROUT VIA TIMEX )

APPROXIMATE SOLUTION
(¢.3051200000000223D+33
0.2999957653985507n+(3

VALUES OF CONCENTRATIONS U OF THE

(FROM PROUT VIA TIMEX )

0.32409515307970940+03 0.303C702061594200D+03 0.30204545¢23913(C30+03 0.3010206123188403D+03

2 TH SPECIES ON THE USERS GRID

RPPROXIMATE SOLUTION
€.389999997999R900D+91
C.3499975298071043D+01
TOOT= 0.9

0.3500000025834383D+01 0.35000C02772450772+ 01 0.3500000263582345D+01 0.3500000782458883D+01

PROUT FOR TIME = 0.42900000D+00

N =

0.205120000+03
0.3040296u4D+03
0.30268892D+03
0.31073420D+03
0.31872882D+03

0.34997975D+01
0.35007032D+01
0.35021127D+01
0.34180u421Dp+01
0.33452813D+01

0.3049C589D+03
0.303645u43D+03
0.30153048D+C3
0.31377625D+03

0.35010219D+01
0.35001866D+01
0.35000112D+01
0.33923378D+01

0.3Cu6€eC(Cep+03
0.3€300766D+03
C.30594146D+03
0.31812Cu47D+03

0.34986471D+01
0.34986612D+01
0.34685926D+01
0.33600726D+01

VALUES OF CONCENTRATIONS U OF THE 1 TH SPECIES ON THE USERS GRID
(FROM PROUT VIA TIMEY )

APFROXIMATE SOLNTION
0.3051199999999998p+03
0.3187288216033961D+03

VALUES OF CONCENTRATIONS U QF THE 2 TH SPECIES ON THE USERS GRID

(FRCM P°PROUT VIA TIMEX )

0.3040740120664202D+03 0.303060R31R9262290+03

7.3024587155705833D+03 0.3104420178106779D+03

APPROXIMATE SOLUTION
0.3499797485771327D+01
0.3345281284030008D+01
TOUT= 0.4290000003000000D+00 DELTA T =

0.3500274391204744D+01 0.349949057415A368D+01 0.3495124997415917D+01 0.3422133155696982D+01

0,429060000CCC00N0D+20

ESTIMATED TIME POR A CALL TO DRIVE
TIME LEFT 0.447060C0D+05

0.43631399D+03

PROUT FOR TIME = 0.8593C000D+00

W =

0.305120C0D+N3
0.30407290D+03
0.3159C380D+03
0.32958951D+403

0.349959%47D+01
0.34989284D+01
0.33873741D+01
0.327242800+01

0.30u96867D+03
0.30751750D+03
0.3212856UD+03
0.3353582u4D+03

N.3496A588D+01
0.3u67u9uD+n1
0.334935090+01
0.32136584D+01

0.3Cu3712uD+03
C.213C224u4D+C3
0.32533242D+03
C.3372c56u4D+03

0.35051747D+01
0.34216478D+01
0.33013590D+01
0.31946876D+01
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0.33953476D+03 9.319136970+01

VALUES OF CONC®NTRATIONS U OF THE 1 TH SPECIES ON THE

(FROM PROUT VIR TIMEX )

APEROXIMATF SOLUTION

0.30511999999999980D+03 0.3746967203375276D+03

C.3395347598578759n+03

0.3125851763844824D+03

USERS GRID

VALUES OF CONCENTRATICNS U OF THE 2 TH SPECIES ON THE USERS GKRID

(FROM PROUT VIA TIMEX )

APPFOXIMATE SOLNUTION

0., 3W99594711358439D+01 0.3494730278803098D+01

C.31813AA47)935A518D+01

TOUT= n,3590090000700000D+20 DELTA T

ESTIMATED TIMNEZ POR A CALL TO DRIVE
TIME LEFT 0.445u49000D0+05

PFOOT FOR TIME = n.128800203D+C1
W=
£.3r51279%p+ 02
0.3229573uD+03
C.336RR3IQAD+N]3
£.35130352p+07
NLAETUTSTI3DeN?

0.1334941020+01
0.335189020+01
N.32277283D+01
0.30863322D+01
2.32131981p+N

VALUES OF CONCENTRATIONS U OF THE 1 TH

(FRCH EFCUT VIA TIMEX )

APPROXINATE SOLTTION

0.3051199999999939D+0N}3 0.3222819145036516D+03

C.3€14751794530537D+03

0.34235764810U46234n+01

0.430C00009000CN00D+00

0.15663488D+03

0.30810081D+03
0.32767759D+03
0.364103714D+C3
J.35578983D+0?

0.3316643232629942D+03

2.33591745D+01
0.33076997D+01
0.31774192D+01
N,30562490D+01

SPECIES ON THE USERS GRID

VALU®ES OP CONCENTRATIONS U QF THE 2 TH SPECIES CON THE USERS GRID

(FRONM EPFOUT VIA TTMEY )

APPROYIMATE SOLNTION

€.32u841021927506 3D+ 01 N.3346127AR6950294 1D+

0.3003198098497755D+01

TOOT= n,123800900C500000D+)1 DELTA T =

ESTI®ATED TIME ©0° A CALL TO CRIVE
TINE LFFT 7.44408000D+05

PRON™ POF TTH2 = N, 17170000D+01

¥V =
0.3C812977De M
0,.326229520403
0.354083110+03
0.37386936D+03
0.38535579D+03

0.30384720D+01
0.30311295D+01
0.301835500+01
0.29189712D+01
0.28123782D0+01

0.3266989422655037D+01

0.42900€7000000007D+N0

J.141090C00D+013

0.30832u6CD+03
0.33u56699D+0?
0.36327759D+°3
0.37956791D+C3

N.39356893D+01
0.30334143D+01
0.30116741D+01
0.28565369D+01

VALUES OP CONCENTRATIONS U OF THE 1 TH SPECIES ON THE USERS GRID

(°POM FROUT VIA TIMEX

APPROXIMATE SOLNTION

n.30%1199999999999D0403 0.,326440100943926730+03

0.38535538979154240+03

0.343€217097572645D+01

VYALUES OF CONCENTRATIONS U OF THE 2 TH SPECIES ON THE NSERS GRID

0.32106313108401530+03

0.3348C22804567568D+01

0.31418574D+03
0.321356C9D+03
0.34615608D+03
€.36CC3677D+03

0.3411981063¢717910+03

0.3180771879859237D+01

0.314925CCD+03
0.343260C4D+03
0.36887720n+03
€.3835712uD+03

0.362671775%€95567D+03

0.3298414488540445D+03

0.3268288241072877D+01

0.33535068D+01
0.32666271D+01
0.31472262D+01
0.30198036D+01

0.3512533952052090D+03

0.3091867316282912D+ 01

0.303650090+01
0.301795980+01
0.29523359D+01
0.282828520+01

0.3739870984281103D+023
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(FECM FROUT VIA TIMEY )

APPROXIMATE SOLUTION

0.3038471963006792D+01 0.3032405512722226D+01 C.30206013855006u48D+01

0.2812378172850081D+01

TOUT= 0.1717000000000000D+01 DELTA T = 0.42900000000000000+00

ESTIMATED TIME POR A CALL TO DRIVE
TINE LEFT 0.44290000D+05

0.1182750€D+03

PRODT FOR TIME = 0.21470950D+01

W=
0.305120000+03 0.26951713D+01 0.308623695D+03
0.32659718D+03 0.26951396D+01 0.33615348D+C3
0.35717209D0+03 0.26722768D+01 0.36837965Dp+C3
0.3830C891D+03 0.26287781D+01 0.40154248D+03
0.41024526D+03 0.26034897D+01

0.26370174D+01
0.26847761D+01
N.26619116D+01
0.26313309D+01

VALUES OF CONCENTRATIONS U OF THE 1 TH SPECIES ON THE WSERS GERID

(FRCHM FROUT VIA TIMEX )

APPRPOXIMATE SOLUTION

0.3051199999999998D+03 0.3263166008477955D+03 0.347u49988793232230+93

0.4102452639767139D+03

VALUES OF CONCENTRATIONS U OF THE 2 TH SPECIES ON THE USERS GRID

(PROM EFROUT VIA TIMEX )

APPROXIMATE SOLUTION

0.26951712704871390+01 0.2693602941899904D+01 0.2684008838514435D+01

0.2603489663279575D+01

TOUT= 0.21470000C0000060D+01 DELTA T = 0.4299999999999999D+00

ESTIMATED TIME FOR A CALL TO DRIVE
TIME LEFT 0.44150000D+05

0.13367442D+403

PROUT FOR TIME = 0.25760000D+901

W=
0.30512000Dp+03
0.32766501D+03
0.36319586D+03
0.39324124D+03
0.41115667D+03

0.23326113D+01
0.23277249D+01
0.23094137D+01
0.23104686D+01
0.23084u439D+01

0.30888527D+03
0.33996315D+03
0.37343671D+0C3
0.40082462D+03

0.23338313D+01
7.2326432RD+01
0.22967026D+91
€.23021087D+01

VALUES OF CONCENTRATIONS U OF THE 1 TH SPECIES ON THE USERS GPRID

(FROM PROUT VIA TTMEX )

APPROXIMATE SOLUTION

0.2051199999999999p+03 0.3278965156587021D+03 ¢.35070784633731A7D+03

0.4111566745952916D+03

VALUES OF CONCENTRATIONS " OF THE 2 TH SPECIES ON THE USERS GRID

(FROM PROUT VIA TIMEX )

APPROXIMATE SOLUTION

0.2332611322758141n+01 0.23275548u44887493D+01 0.2314370734257793D+01

0.2308448916163730D+01

TOUT= 0.25760000€0000000D+401 DELTA T = 0.429000000000030GD+00

ESTIMATED TIME FOF A CALL TO DRIVE 0.10200000D+03

0.300289785775694 1D+ 01

0.31531739D+03
0.3479C84uD+03
0.37905812D+03
0.4072496CD+03

0.3686247988293743D+03

0.2663373899677314D+01

0.31675592D+03
C.350272C2p+03
C.3€27€93¢D+03
0.40918074p+03

0.3734£520128926559D+03

0.2298588749976574D+01

0.2914126270492313D+01

0.26962833D+01
0.26867501D+01
0.26603204D+01
0.26144062D+01

0.3894393752629132D+03

0.2634460641706568D+01

0.23279968D+01
0.23125945Dp+01
0.22953085D+01
0.230€61698D+01

0.3929264920060352D+03

0.2306548618184080D+01

691



TIMF LEFT 0.440u8900D+05

PEOUT FOR TIME = 0.30050000D+01

W =

0.305120C0n+13 0.19382u78D+01 0.30937373D+03

0.33n13012D+013 0.19322842Dp+01 0.340403750+03 0.19412603D+0D1
0.360142413D+407 0.19612835D+01 0.37144820D+03 0.19753239D+01
0.38971214n+03 0.19894355D+01 0.40105180D+03 0.19988751D+01

0.4N0906959D+03 0.20054067D+01
VALUES OF CONCENTRATICNS U OF THE 1 TH SPECIES ON THE USERS GRID
(FROM PROUT VIA TIYEX )

AFERCXIMATE SOLUTTON
0.3051199999999939Dp+93 0.32973A0756641063D+C3 0.3507663C81273566D+03
C.4C90695927402164D+03

VAIUES OF CONCPNTRATIONS 7 OF THE 2 TH SPECIES ON THE USPRS GRID

(FROM PFOUT VIA TIMEX )

AEPROXIMATE SOLOTION
C.193R2477RKAI1A5IIN+(CI 0.1935400226251829D+01 0.19577163259653050+01
C.200540672998A351n+C1
TOOT= $5.307257°0200C20300C0D+N1  DELTA T = 0.423999999999999RD+00

FSTIMATED TIME POP A CALL TO CRIVE
TINFE LPPT 0,43946000D+05

0.10223776D+03

PFCUT PCP TINE = 0.343500000+01

§ =

€.305127G6"p+03 0.158075660+01 0.30790675D+03 0.158914710+C1
0.323291315D+21 N.15846631D+01 0.333673€7D+03 0.1597755CD+ 01
1.35556591D0+013 J.16321241D+01 0.36441688D+03 0.16478396D+01

0.38549656D+12 0.1669068uD+01 0.39361964D+03
C.U4Nu15220p+N013 0.16972u65D+C1
VALUES OF CONCENTRATIONS U OF THF 1 TH SPECIES ON THE USERS RRID

(PROM EPONT VIK TTMEY )

APEFOXIPATE SOLAUTTON
0.3051199999999999Nn+(3 0.3230295821673209D+03 0.3442969729933392n+03
0.4M41521992113194n+03
VALOES OF CONCENTRATIONS U OF THE 2 TH SPECIES ON THE USERS GRID
(FPGF PPONT VIA TTIN®X )

APPEOXTMATE SOLNTION

r,1580756625835225D+01 0.158uu88811121334D+C 0.1612709041361831D+01

9.1697246466A59122D4+01

TouT= £.34350027°10000000D+01  DELTA T = 0.4200000C0CCC0002D+00
ESTIMATED TINE POR A CALL TO DRIVE 0.91786047D+02
TIAF LEFPT N.43853000D+05

PRONIT POR TIME = n.38640090D+01

0.305120000403 0.30819747D+C3

0.129362180+01

0.19335977D+01

0.16853275D+01

0.128%0341D+01

0.31761221D+03
0.35101292D+03
0.38040357D+03
0.4C485€45D+03

0.3710564680838771D+03

0.1974386054458376D+01

€.313727240+03
0.34412057D+03
0.37541837D0+03
0.4C190825D+03

0.3647752963439456D+03

0.16u26Cu09383u3CuD+0

0.31418145D+03

0.19420041D+01
0.19609385D+01
0.19837370D+01
0.20037422D+01

0.3900506562933508D+03

0.1990059028646423D+01

9.15705055D+01
0.16115938D+01
0.166C14200+01
0.16927177D+01

0.3851707041114112D+ 03

0.1670302215263829D+01

0.13007a41D+01

0L1



0.32173020D+03

0.34722796D+03

0.37668319D+03 0.13534177D+01

0.39608701D+03 0.13878047D+01
VALUES OF CONCFNTRATIONS U OF THE
(FROM EROUT VIA TIMEX )

0.12887516D+01
0.12962514D+01

APFROXIMATE SOLUTION
0.3051199999999999D+03
€.3960870119262076D+03

VALUES OF CONCENTRATIONS U OF THE

(FRCM FRCUT VIA TIMEX )

APPFOXTIMATE SOLTTION
0.1293621816526897D+01
0.138780465895456AD+01

0.3220458470221918D+03

0.1292035563453516D+01

0.33117282D+03 0.12964629D+01
0.35717637D+03 7.13120074D+01
0.38731946D+03 0.13647554D+01

1 TH SPECIES ON THE USERS GRID

0.3396953895690818D+03

2 TH SPECIES ON THE USERS GRID

€.12999130689637110+01

TOUT= 0.38640C020C000000D+01 DELTA T = C.4290000000000000D+00C
BSTIMATFD TIME FOR A CALL TO DRIVE 0.94000000D+02
TIME LEFT N.43759000D+05
PROONT FOF TIME = N.42930000D+01

¥ =
0.30512000D+403
0.22220821D+03
0.34594218D+93
0.36920231D+97
~.3849855uD+03
VALUES CF CONCENTRATIONS U OF THE
(FFOM PROUT VIA TIHEX )

0.10158056D+01
0.10239136D+01
0.10366839D+01
0.10504283D+01
0.10799251D+01

AFPPECYIMATF SOLNTTON
0.3051199999999999n+03
N, 38409855U46251316D+03
VALUES OF CONCENTRATICNS U OF THE
(FEOM PRCUT VIA TIMEX )

AFPPROXINATE SOLUTION
0.1015805572152347D+01
0.1079925133RU42168D+01
TOUT= £.42939CN000000000P+01  DELTA

ESTIMATED TIME TOR & CALL TO DRIVE

TIKF LFFT 0.43A56000D+05

PRPONT FORK TTME = 0.47230000D+01

U =

0.76387437D+00
0.76331880D+00
0.78122990D+00
0.79650654D+00
0.78954939D+00

f.305129790+03

0.31893419D+03

0.34200318D+0%

0.3FFALTRID+03

0.38361475D+03
VALUES OF CONCENTRATIONS U OF THE
(FRCM EROUT VIA TIMEX )

APEROXIMATE SOLUTION

0.3217292343213048D+03

0.1021486368508123D+01

0.3076€970D+03
0.32881565D+03
0.35280078D+03
0.37630815p+03

2.10223020Dp+ 0
0.12211831D+01
0.10313060D+01
0.10699975D+91

1 TH SPECIES ON THE PSERS GRID

C.33753473250192737+03

2 TH SPECIES OW THE USERS GRID

0.10269179862201280+01
T = 0.4289999999999998D+00

0.10324009D+0C3

0.30775050D+03
2.32834289D+03
0.34954u447D+03
0.37u99818D+03

N.76376058D+00
0.77096881D+00
0.797790020+00
0.78597958D+00

1 TH SPECIES ON THE USERS 3RID

0.33992789D+03
0.3662805CD+03
0.392534CED+C3

0.3570356559552698D+03

0.1310921062237475D+01

0.3127269CD+03
C.3376126uD+03
0.3€618C733D+03
0.381768C9D+03

0.3531587689430451D+03

0.1035377687561939D+01

0.313315E3D+03
0.334175€5D+03
0.3571593u4D+03
C.38107527p+03

0.13016910D+01
0.13212454D+ 01
0.13809226D+01

0.3767221200403455D+C3

0.1349945261929964D+01

0.10120605D+01
0.102591C2D+01
0.10543581D+01
0.10751828D+01

0.3691527888094773D+03

0.105434u48034843059D+01

0.76566250D+00
0.77464160D+00
0.78499709D+00
0.78916798D+400
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0.3051199999999999n+03

0.38361475389656980+03

VALUES OF CONCENTRATIONS
(FROM PROUT VIA TIMEX )

APPROXIMATE SOLUTION
0.7638743717518699D+00

0.7895493902448647D+00
TOUT= 0.4723000000000000D+91

0.3195659111445754p+03

0.334598137303730u4D+03

U OF THE 2 TH .SPECIES ON THE USERS GRID

0.7649944216308292D+00

ESTINATED TIME POR A CALL TO DRIVE

TINE LEPT

PROUT PFOR TINE =

¥ =
0.305120000+03
0.31927701D+03
0.34182616D+03
0.36693769D+03
0.38505810D+03
VALOES OF CONCENTRATIONS
(PROM PROUT VIA TIMEY )

APPROXINATE SOLUTION
0.3051199999999999D+03
0.38505810255409780+03

VALUES OF CONCENTRATIONS

(FPRON PROUT VIA TINEX )

APPROXIMATE SOLUTION
0.5339572914050172D+00
0.50271313573172510+C0

0.43563000D+05

0.51520000D+01

0.533957290+C0
0.53892685D+00
0.52146924D+09
0.50395205D+00
0.50271314D+00

DELTA T

0.77512752903332940+00

0.430000000C0000020+00

0.927837210+C2

0.30714189D+03
0.32463987D+ (3
0.35033662D+03
0.37648738D+03

0.53324276D+00
0.53232250D+00
0.51608373D+00
0.510157u8D+0C0

U OF THE 1 TH SPECIES ON THE USERS GRID

0.318741981283u4083D+03

0.3344172645122€620D+03

U0 OF THE 2 TH SPECIES ON THE WSERS GRID

0.5376346539647u520+00

0.52774354355401890+00

0.428999999999999RD+09

TOOT= 0.51520000000000000401 DELTA T
ESTINATED TINE POR A CALL TO DRIVE 0.97000000D+02
TIAE LEPT 0.43466000D+05
PROOT POR TINF = 0.55810000D+01
=
0.305129000+03 0.29181334D+00 0.3CR1GE5TD+NI
C.32144462D+013 0.29306101D+00 0.33126395D+013
0.3460229R8D+03 0.26363316D+00 0.35357948D+03
0.37067840D+03 0.2352812¢5Dp+00 0.37825202D+03
0.38753790D+03 0.21508157D+00

VALOES OF CONCENTRATIONS
(PROS PROUT VIA TINEX )

APPROXINATE SOLOTION
0.3051199999999999D4+013
0.3875379016912185D+03

VYALUES OF CONCENTRATIONS U OF THE

(PRON PBOUT VIA TINEX )

APPBOXINATE SOLUTION
0.29101934317868450400
0.21508156989094050+400

€.29502858D+00
0.282871760D+00
0.24760837D+0C
0.222064 765D+ 00

U OF THE 1 TH SPECIES NN THE USERS GRID

0.3219737210968038D+03

0.2905905170698481D+00

0.33749383368520A3D4+03

N.26712105A1275672n+00

2 TH SPECI&S ON THP USERS GRID

0.3495567305295885D+03

0.7928978430638333D+00

0.3107CuCCD+03
0.33500939D+03
0.35914949D+03
0.38152C87D+03

0.35€38702238436720+03

0.5172649249490291D+00

0.314799890+03
0.33691902D+03
C.3€1767130+03
0.38525881D+03

0.35368467472511420+03

0.2u892231027655220+00

0.3665912714422677D+03

0.7928338062406194D+00

0.53777800D+00
0.52816738D+00
0.51778540D+00
0.50497264D+00

0.3672312724994699D+03

0.50729184488702013p+00

0.28842729D+00
0.26405535D+00
0.2390672aD+00
0.216952650+00

0.3708554601758719D+03

0.2337761659815524Dp+00
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TOUT= 0.5581000000000000D+01 DELTA T = 0.4290000000000090D+00

ESTINATED TIME FOR A CALL TO DRIVE 0.56363636D+02

TIME LEFT 0.43373000D+05

PROUT FOR TIME = 0.58410000D+01

N =

0.30512000D+03 0.11862040D+00 0.30812423D+03 0.12826822D+0n0 0.314253¢€CD+03 0.10756583D+00
0.32257718D+n3 0.12080672D+00 0.33209857D+C3 7.11832817p+00 0.34€84CS5CD+03 0.108601687D+00
C.349u7R46D+03 0.11225439D+00 0.35671307D+03 0.85875126D-01 0.36504950D+03 0.80738436D-01
0.37376418D+03 0.63916034D~-01 0.38130220D+03 0.532722u8D-01 C.3€650912p+03 0.43313060D0-01
0.39078R90D+03 0.39946500D-01

VALUES OF CONCENTRATIONS U OF THE 1 TH SPECIES ON THE USERS GRID
(FROM PROUT VIA TIMEX )

APFROXIMATE SOLNMTION

0.3051199999999998D+03 0.322776817758523uD+03 0.34082317267456876D+03 0.3568967100235479D+03 0.3735680733850098D+03
0.33907889013177352D+03

VALUES OF CONCENTRATIONS U OF THE 2 TH SPECIES ON THE USERS GRID
(FROM FROUT VIA TIMEX )

APPROXIMATE SOLUTION

0.11862040032277u2D+00 0.1181868151915035D+00 0.11096590836165250+00 N.B894155553588614C(D-01 0.6494583624731928D-01
0.3994648974351334D-C1

TOUT=  0.5841000000000000D+01 DELTA T =  0.260000000C000090D+00

ESTIMATED TIME FOR A CALL TO DRIVE 0.13388462D+02

TINE LEFT 0.43316000D+05

PROUT FOR TIME = 1 0.59000000D+ 01

W=

0.305120000+03 0.79115611D-01 0.30822769D+03 9.79946586D-01 0.315€1731D+03 0.77657022D-01
0.32172128p+02 0.77833234D-01 0.333C3651D+03 n.75622287D-01 0.34C5415CD+03 0.72856414D-01
0.35019607D+03 0.70989894D-01 0.35R15939D+03 f.569891570-01 0.3655220CD+03 0.37983135p-01
0.37484446D+03 0.31000172D-01 0.38226609D+03 0.10950803D-01 €.389339C1D+03 0.38258330D-02
0.39148360D+03 0.20202355D-04

VALUES OF CONCENTRATIONS U OF THE 1 TH SPECIES ON THE USERS nRID
(FRCM EROUT VIA TIMEX )

APPROXIMATE SOLUTION
0.3051199999999999D+03 0.3224898236391072D+03 0.3409000269270767D+03 0.3580592719C4€E72p+03 0.3745279883209404D+03
0.3914836003118876D+03

VALUES OF CONCENTRATIONS U OF THE 2 TH SPECIES ON THE USE®S GRID

(FROM PROUT VIA TIMEX )

APPROXIMATE SOLUTION
0.7911561077177055D-01  0.7743537433945341D-01  €.7300635880920910-01  0.5615494287938823D-01  0.2882243799326704D01
0.2020235499551192D-04

TONT= 0.5900000000000000D+01 DELTA T = 0.5899999999999994D~01
ESTIMATED TIME FOR A CALL TO DRIVE 0.19203390D+C3
TIME LEFT 0.43210000D+05
PROOT FOR TINE = 0.60100000D+01

el



0.30512009D+03
€.32403527n+03

D.u3d3J812D-02
-0.12631084D-05
0.35035217p+0% -0.10930790D-01
0.37598473Dp+03 -0.372831510-01
0.38309902D+03 0.0

0.30804722D+03 ~0.34158102D-02 0.31355433D+C3
0.331597C1D+03 -0.262335000-02 0.341791€4D+03
0.36005268D+C3 -0.58692050D0-02 0.3678727Cn+03
0.385669630+03 -0.75882938D-01 0.385462CSD+03

VALUES OF CONCENTRATIONS U OF THE 1 TH SPECIES ON THE USERS GRID

(FRCHN EROUT VIA TIMEY )

APEROXIMATE SOLUTION

0.3051199999999999D+03 0.32355540145933030+03 0.3415192887166297D+93 0.35973926563C8896D+03

0.3830990196265668D+03

VALUES OF CONCENTRATIONS U OF THE 2 Td SPECIES ON THE USERS GRID

(FROM PROOUT VIA TINEX )

APPROXIMATE SOLUTION

0.4003081159989102n-02 0.10675110907339278D-02 -0.4C7C158913325739D-03 ~0.1082785707414835D-01

0.0
TOUT= 0.6010000200000000D+401 DELTA

ESTIMATED TIME FOF A CALL TO DRIVE
TINE LPFT 0.429759000+95

PROUT POR TINE = 0.64400000D+01

0.305120097D+03 ~0.29801095D+00

0.32416769D+03 -0.29551106D+090
0.35352964D+03 -0.3068u4553D+00
0.35684110p+03 =0.12718341D+00
0.3594u244D+03 0.9

T = 0.110000C0C00000N1D+00

0.91863636D+03

0.3CA23C27D+C3 -0.28530567D+00 0.31474581D+03
0.33379258D+03 -0.29938609D+00 0.343834790+03
0.35u465185D+C3 -0.26074420D0+00 0.3538€375D+03
0.35653u51Dp+C3 ~0.€6050139D-01 0.3576u976D+03

VALUES OP CONCENTRATTIONS U OF THE 1 TH SPECIES ON THEF USERS GRID

(PROM PROUT VIA TIMEX )

APPROXIMATE SOLNTION

0.3051199999999399D+03 0.3242015201424632D+03 G.3437768996880991D+03 N.3503334927209u23D+03

0.3594424U3KA102679D+03

VALUES OPFP CONCENTRATIONS U OF THE 2 TH SPECTES ON THF USERS GRID

(FRCH PROUT VIA TIMEX )

APPROXIMATE SOLNTION

-0.2980109549035217D¢90 ~-0,2990348086111563D+00 -0.3139500625C¢5583uD+00 ~-0.253528€22C663324D+00

0.0
TOUT= 0.64400070000000000+491 DELTA

ESTYBATED TIME ®OR A CALL TO DRIVE
TINE LEPT 0.42758000D0+05

PROOT POP TINE = 0.68690000D0+01
¥ s
0.30512000D+03 -0.62394871D+C0
0.317029580+03 -0.56538u820+00
0.32115018D+0? ~0.36226831D+00
0.32336069D0+03 =0.13724414D+00
0.32556991D+03 0.0

T = 0.4299999999999999D+0¢C

N.216495350+403

0.30891116D+03
0.3177468U4D+C3
0.32295804D+03
0.32358610D+03

-0.63937277p+00
-0.47u75577D+00
-C.27616171D+00
~0.66384964D-01

0.31€0C77€D+03
C.32C02u810+03
0.32322614D+01
0.32218Cu7D+ 03

VALUES OF CONCENTRATIONS U OF THE 1 TH SPECIES CN THE USERS RRID

0.12679068D-01
0.27780114D-02

-0.30559532D-01
-0.10602568D-01

0.3762468780379001D+03

-0.4259584575317032p~- 01

-0.31280854D+00
-0.31936719D+00
=0.17134942Dp+00
-0.173105020p-02

0.3562937788131229D+03

-0.1243555315579a801D+00

-0.601470080+00
~0.81210136D+00
~0.229200868D+00
-0.407569500-01
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(FRON PROUT VIA TIMEX )

" APPROXIMATE SOLUTION
0.3051199999999999p+03
0.3255699107527535D+03

VALUES OF CONCENTRATIONS I OF THE
(PROM PROUT VIA TIMEYX )

APPROXIMATE SOLUTION

-0.6239487068R8U6069D+00 -0.5562941510757348D+00 =0.4142382536R73556D+00 ~-0.28268663€68542663D+00

0.0
TOUT= 0.6869C000000000C0D+91 DELTA

ESTIMATED TIME FOR A CALL TO DRIVE
TINE LFFT 0.42571090D+95

PROUT FOR TINME = 0.72980000D+01
W=
0.30512000D+03 -0.53800556D+00
0.29218445D+03 -0.53472298D+00
0.28575632D+03 =-0.36756478D+C0
0.28601946D+03 -0.16587872D+00
0.28538311D+03 0.0

VALUES OF CONCENTRATIONS U OF THE
(FRCH PROUT VIA TIMEX )

APPROXIMATE SOLUTION
0.3051199999999999D+93
0.2853831071152571D+403

VALUES OF CONCENTRATINNS U OF THE

(FROM PPOUT VIA TIMEYX )

APEFOXIMATE SOLNTION

0.3169788161520082D+03

0.2918267756698008D+03

0.3198327102971742p+03

2 TH SPECIES ON THE USERS GRID

T = 0.429000000C000900D+00
7.18609000D+03

0.3032281u4D+03
3.28244993Dp+03
0.28¢07818D+03
0.288445u3D+N3

~0.52424068D+00
-0.53887977D+00
~0.31566002D+00
~0.57589512D-01

1 TH SPECIES ON THE USERS GRID

0.28u827889A3u09090+03

2 TH SPECIES ON THE USERS GRID

0.3227014104978886D+03

0.29877293p+03
C.28494C27D+03
0.28754874D+03
€.287839C9D+03

0.2862€9629476264(CuD+03

~0.53800555574330310+00 -0.5370397971333473D0+00 -0.459308080C3753150+00. =0.306937€2513729120+00

0.0
TOOT= 0.7298000n0C0000000D+91 DELTA

ESTIMATED TIME POR A CALL TO DRIVE
TIME LEFT 0.42369000D+05

PROUT FOR TIME = 0.77280090D+ 01
W=
0.30512000D+03 =-0.29035684D+00
0.28655730D+03 -0.29265326D+00
0.26652020D+03 -0.25620446D+00
0,24905795D+93 =0.15191249D+00
0.24741893D+03 0.0

VALUES OF CONCENTRATIONS U OF THE
(FROM PROUT VIA TIMEX )

APPROXTMATE SOLUTION
0.3051199999999998D+03
0.2474189309%482173D+03

VALUES OF CONCENTRATIONS U OF THE

(FRCH PROUT VIR TIMNEY )

J.2R74770896301570D+03

T = 0.429000000C000000D+00

0.20247086D+03

0.30199187D+C3
0.28157238p+C3
0.255300u9D+03
0.24762394D+03

=0.2944U4264D+00
=0.27973189D+00
=-0.24935938D+0¢C
-(.10007929D+00

1 TH SPECIES ON THE OSERS 5RID

0.2718899114706059D+03

2 TH SPECIES ON THE "WSEPRS GRID

0.29706097D+03
0.27C81172D+03
0.248C3424D+ 03
0.25139421D+03

0.2559593975%873160+03

0.3233891629508882D+03

-0.1407610332609668D+00

-0.54u447069D+00
-0.46235098D+00
<0.211417300+00
-0.38033445D-01

0.2866786709408834D+03

-0.155420281C198169D+00

-0.28823124p+00
=0.26906973D+00
~0.25119788D+00
-0.59618956D-02

0.2u86166611812982p+03
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APPROXIMATE
-0.230356
0.0
TOUT=

ESTIMATED T
TIMF LEFT

sxshes NORM
I

END OF CASE

SOLNTION
BU3IRNS3IAIAID+00 -0.289762696675558Bu4D+00 -0.2687025442579254D+00

0.7728000000000000D+901 DELTA T = 0.4299999999999999D+00

IME FOR A CALL TO DRIVE 0.2070000CD+C3
0.42162000D+ 035

AL DUMP AT END OFP TIMEX
= 21 TOOT = 0.7723009000C0C0CCD+ 01

-0.,2508C66433447891D+00

-0.1598211874396352D+ 00

9/1



We next illustrate the use of the cross-section plot (CSP) program to
generate a series of graphs at selected times. Much of the input is similar
to that given in section 7.1. For example, the graphics dataset which was

written on unit 12 during the computational phase must be reassigned to unit
12 for the CSP run.

For CSP, two namelists are required. The first is Namelist F@RMAT which
has input very similar to the FPRMAT namelist used in section 7.1. The
second is Namelist CSPIN which involves variables specifically for the CSP
-program.

Namelist FPRMAT

1. Indicator for iterative or direct version of the computational code
The direct version was used and so
ITRTV=0, (Default)

2. Number of curves to be produced per time value

For this problem we will generate two curves (one for each species)
on each frame for each time value. Each curve will have its own
axis.

IGNUM=2,

3. Number of grid points for graphical purposes

This number cannot exceed NRES.
NRESIN=NRES1, (NRES1=501)

We next consider the namelist which specifically applies to the CSP
program.

Namelist CSPIN

1. Indicator for cinema mode

We would use this option only if we wished to produce multiple
copies of each frame. This should only be done in movie generation.
ICN=0, (Default)
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2.

3.

4.

5.

6.

Indicator for grouping format

e curve appears on a single frame, we can either

When more than on
(packed format) or pro-

produce the curves on a single set of axes
duce each curve on its own set of axes (separate format). Since

the range of values for pressure and velocity differ considerably,
it is not desirable to use packed mode for this problem. We thus

use the separate mode.
IFPRMT=0, (Default)

Indicator for analytic solution

If the analytic solution is available we can graph the analytic
solution for the Ith species with its corresponding numerical solu-
tion. The analytic solution is supplied via a SINGLE PRECISION
version of the analytic subroutine. Since the CSP program contains
its own dummy version of the analytic subroutine we don't need to
provide the dummy version. For this problem we do not have an
analytic solution; we use this dummy routine and set

IANAL=F, (Default)

Estimate of minimum value of the ordinates

This vector has, as its Ith component, an estimate for the lower
bound of the vertical axis for the Ith curve. When the solution
values lie outside the interval [YAXMIN(I),YAXMAX(I)], the code
will rescale the vertical axis. Hence if the user does not want
this rescaling to occur, he should specify a generous interval
which contains a vertical axis range large enough for the Ith curve
over all time values being plotted. Also, such a constant axis is
useful for movie generation. In other cases it is sufficient to
use the default values.

YAXMIN=0.0,0.0, (Default)

Estimate of maximum value of the ordinates

YAXMAX=1.0,1.0, (Default)

Species number for each curve

This vector has, as its Ith component, the species to be plotted as



the Ith curve. In the usual case, which we have, we use ISPEC(I)=I,
for I=1,NSPEC.
ISPEC=1,2,

7. Frame number indicator

This vector specifies the frame on which the Ith curve is to be
plotted. In our case we are plotting one frame for each time value.
LGRPUP=1,1, (Default)

8. Ordering of the curves on each frame

I[f IFPRMT=1, the Ith component of this vector specifies the
plotting symbol to be used to indicate the Ith curve. If IFARMT#1
(as in this case), LPRDER(I) indicates the order of the curves on
each frame.

LARDER=1,2,

9. R coordinate of first endpoint of the cross-section line

This vector has, as its mth component, the R coordinate of the first
of the two points specifying the cross-section for the mth frame.
That is, each frame can have a different cross-section if desired.
In our case we have only one frame and we wish to plot along the R
axis from 0.0 to 4253.5. Further, since the Z axis defaults to
(0.0,1.0], we can use any constant in the interval [0.0,1.0] for

the Z component. We will use a cross-section from [0.0,0.0]} to
[4253.5,0.0].

A1=0.0, (Default)

10. Z coordinate of first endpoint of the cross-section

B1=0.0, (Default)

11. R coordinate of second endpoint of the cross-section

A2=4253.5,

12. 7 coordinate of second endpoint in cross-section

B2=0.0, (Default)
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The following page contains the printed output of the CSP run. This is
followed by three of the twenty-one frames generated by the run. Each frame
is for a given time value and consists of two curves: the lower curve (specjes
1) is a plot of head pressure versus distance; the upper curve (species 2) js
a plot of velocity versus distance. Figure 7.2.1 is at a time (t = 3.435)
before the valve is closed. Figure 7.2.2 is at the time (t = 5.9) when the
valve has just closed, and Figure 7.2.3 is at a time (t = 7.728) after the
valve has closed. Note the flow reversal in this last figure.



BEEGINNING CRCSS SECTION GRAPHEHICS PACKAGE

FOFRMATTING PARKAMEIZES

CINEMA MODE VERSION NUMEER OF GRAPHS FOK EACH TIME GROUPING FORMAT ANALYTIC
0 2 2 0 F
NERESIN =  SC1
ITIME = F NUMBER OF TIME VALUES FCR TIME GFiION IS 501
IF ITIME=T, THE SGLUTION IS EVALUATED AT (A1(I),B1(I))
INITIAL ESTIMATE FOE VERTICAL AXES
YAXMIN,YAXMAX
0.0 0.0
USE: GRAPH FORMAT SPECIFICATIONS
FREAME NUMPEF OFRPER WITHIN ERCH FRAME SPECIES NUMBER
FROM TOP 70 ROTTOM
1
1 1
2 2
COORDINATES OF THE ENDPOINIS FOX EACH CKOSS SECTION
LINE GIVEN #ITH THE COFERESPONDING FrAMF NUMBEF
FRAMF NUMEEF X1 Y1 X2 Y2
1 C.0 0.9 0.42535000F+04 .0

TFE END OF THE DATA HAS BEEN RFACHZID,PrOGRAM ZNDs.

TPEZ NUMBEr OF GPAPHS FxODUCED IS “1
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7.3 Diurnal Chemical Kinetics

This problem is concerned with the concentrations of minor chemical
species in the upper atmosphere. A major feature of this problem is the
large time variations in the concentrations of the chemical species. In the
course of solving this problem we shall see how a knowledgeable user can modi-
fy the code (at least its performance) by modifying the user subroutines.
This problem will also illustrate the time history graphical output.

In the following problem, we let cl(z,t) denote the concentration of
ozone (03), cz(z,t) denote the concentration of the oxygen singlet (0), and
c3 denote the concentration of oxygen (02) assumed to be constant. This model
neglects convection, uses one spatial coordinate z (the altitude in kilometers),
and a Fickian model of turbulent eddy diffusion. The problem is as follows.

ac' _

- i .
ac i _
R NOR- R UCO R

3¢’ (30,t) _ 3¢1(50,t) _ 5 ¢ ¢

9z 0Z
¢ = (cHz,t), Fz))],
30 < z < 50,
0<t 5_8.64-104 (one 24-hour day in seconds).

Further,

K(z) = exp[z/5],

Rl(c,t) = —'k1c1c3 - kzclc2 + 2k3(t)c3 + k4(t)c2
Rz(c,t) = k1c1c3 - k2c1c2 - k4(t)c2

¢3 = 3.7.101

ky = 1.63-1071°

k, = 4.66-1071°
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exp(-vi/sin wt), for sin wt > 0,

k.(t) =
i(t) 0, for sin ot < 0,

v, = 22.62, vy = 7.601, and w = 7/43,200.

3
1 6 2 = 10%%y(z), where
¢ (z,0) = 10°y(z), ¢ (z,0) = 10°"y(z), w
2 4
2-80\ , 1.2-40
vi2) =1 - 55) *2(%)

Notice that the reaction rates k3(t) and k4(t) build up to a peak at noon
(t = 21,600) and are switched off from sunset (t = 43,200) to sunrise
(t = 86,400) which models the diurnal effect. 1In this model the concentration
cl(z,t) rises to a peak value of about 108 at noon, and then falls to zero at
6:00 p.m. and stays zero through the night. This behavior requires a modifi-
cation to the error control mechanism in the ODE solver GEAR. Such a modifi-
cation could have been made in GEAR; however, we choose to make this adjustment
through a user routine in order to illustrate the point that some modifications
can be achieved through these user routines. Let Y(I) denote the I-th compo-
nent of the solution vector and E(I) the I-th component of the error vector,
both considered at some current time t. The version of GEAR which is used in
this code defines a vector YMAX(I) such that YMAX(I) is the maximum value (in
modulus) that Y(I) has achieved in the past, i.e. for t' < t. A relative
error control is used in this code, that is the quotient E(I)/YMAX(I) is com-

pared with a specified tolerance factor. (The code uses an L, norm so that

the actual situation is somewhat more involved.) Now considei the present
problem as time approaches 6:00 p.m. The concentration c1 has reached a peak
value of about 108 at noon; thus YMAX(I) ~ 108 during the entire afternoon.
Moreover as we approach 6:00 p.m., the concentrations c1 fall to zero very
rapidly; hence we are using the error criterion 10-8-E(I) <tol which is a very
loose error control. In order to correct this situation we could put a floor

value on the error control. For example we could define YMAX(I) as follows:
YMAX(I) = M -20
AX{IY(D)|, 1077} .

This would have the effect of replacing a relative error control by an abso-
Tute error control when |Y(I)| is small. This change could have been made to
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GEAR; however, we can also achieve this change through a user routine. Of
course, this requires knowledge of the GEAR code and the DISPL code; so it is
not a casual procedure.

To achieve the above change one must modify the definitions of YMAX(I)
as described above. Moreover, this must be done after the GEAR program has
defined YMAX. The GEAR program defines YMAX in subroutine DRIVE. The subrou-
tine DRIVE calls a subroutine STIFF which in turn calls a DISPL subroutine
GFUN. This Tlatter subroutine calls several user routines such as VEL, DIFUSE,
EXTSRC. Thus we can modify the definition of YMAX in any one of these sub-
routines, for example, subroutine VEL. To modify the definition of YMAX, we
must have YMAX(I) and Y(I) available in this subroutine. The array YMAX(I)
is in the common block GEAR2 and Y is in the common block GEAR10. These
common blocks are invoked in subroutine VEL and the modification to YMAX(I) is
made in this subroutine.

For this problem we use the following data in the namelists.

GRID

KR=1,KZ=4,

NSPEC=2,

ZLPW=30.0,ZUP=50.0,

CONTZ=2,

NMZ=7,
ZMESH=32.5,35.0,37.5,40.0,42.5,45.0,47.5,
NQR=1,NQZ=4,

INITSW=T,TRANSW=T,GUESSW=F ,STEDSW=F,
JZGRD=3,

ZGRID=30.,40.,50.,

DATA

NUTQUT=2,

NUFREQ=12,
UTPUT=0.0,86400.0,
EPS=1.D-3,HINIT=1.D-4,
GRAPH=T,

For the user routines, we used the following statements.

Subroutine RHACP
RC=1.D0
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Subroutine DIFUSE

DIFUR=0.D0
DIFUZ=(1.D—8)*DEXP(ZZ/5.DO)

Subroutine VEL

COMMPN/GEAR2/ YMAX (1)
COMMPN/GEAR10/Y (1)
DPUBLE PRECISIPN Y,YMAX
DATA N/36/
Dp 5 I=1,N
5 YMAX(I)=DMAX1(DABS(Y(I)),1.D-20)
VELR=0.D0
VELZ=0.D0

The use of this subroutine to modify YMAX was just a matter of convenience.

Subroutine EXTSRC

In this routine we form the sources

1 _ 13 12 3 2
R® = - klc c” - k2c ¢+ 2k3c + k4c
2 _ 13 1.2 2
R® = klc c” - kzc ¢ - k4c

Subroutine FDEXTU
In this subroutine we calculate the Frechet derivative of the distributed

source.

For species 1 we have
WU(1) = -k, c3-k,c?

uu(2) = -koC k-

1 1 2°
4

For species 2 we have

- 3 2
uu(l) = klc —k2c

o1
W(2) = -k,c -k,

For both species, UUR(K) and UUZ(K) are zero for K=1,2.

Subroutine INDATA
In this routine we return the initial distributions

1 6
¢'(z,0) = 10%(2), <%(2,0) = 10%%,(2) where
2 .4
o, (2-40\% | 1[2-40
v(2) = 1 - (55 ) * 2(‘10 ) -
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Subroutine BRHﬂ

i i
Since %%—(BO,t) = %%—(SO,t) = 0, we just return RHPV=0.DO on sides 2 and
4 for both species.

In this problem we used the z axis for the spatial variable and Hermite
cubic (KZ=4,CPNTZ=2) B-splines. For spatially smooth solutions, the use of
Hermite cubics is not an advantage; however, we use them here for illustrative
purposes. The output is given at 30, 40, and 50 km at two-hour intervals
during a 24-hour day. This problem was taken from Ref. [7] where a finite
difference solution is given at the above spatial and time values. This data
is given in Table 7.3.1.

The following pages contain the computational phase output for this
problem.
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Finite Difference Solution for Atmospheric Model

TABLE 7.3.1.
Time 30 km 40 km 50 km
2.10-107 4.12-10° 2.22-10%
8:00 AM 5.06+1011 9.96-101 5.36-10""
oom | DAL | | L
cw | SR | gl | S
voom | LR EIn | L7y
oo | T | 4T e
6:00 PM 5 96-10!1 20.5-1011 2 95.101
8:00 PH 5.97.101] 20.5-1011 ) 051011
10:00 M |9 oo 1ol 0ol 0 a0l
12:00 6.01-1011 10.4-1011 ) 22-101
2:00 A | 0 a 01 0310l 0 .10l
4:00 AM 2 041011 ?0.3.1011 0 1ol
6:00 M | 2 o ol 00 210l 0 1ro10l]




STORAGE
MAXERK
MAXSP
MAXTQD
YAXK
NXNRHZ
NXNVAR
HAXNOT
MXRGRD
MXZGRD

MAXIMA FOR THIS COMPILATION :

2

4

4
100
100
40
20
20
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READING NAMFLTST™ GRID

KR = 1 K2 = &
NTIR = 0 NTIZ = O
NSPEC = 2
RLOW = 0.0 ROP = 0.1000€00000000000D+01
ZLOoW = 0.3000000000000000D+02 gp = 0.5000000000000000D+02
§8F = © NNZ = 7
INITIAL CONTR = 13 INITIAL CONTZ = 2
GEOSETRY INDICATOR = 0
NO ADDITIONAL NON-INTERFACE R MESH POINTS
ADDITIONAL NON-INTERFACE Z MBSH POINTS
I = 1 ZMESH(I) = 0.3250000000000000D+02
I = 2 7HESH(I) = 0.3500000000000000D+02
I = 3 ZNESH(I) = 0.3750000000000000D+02
I = 4 ZAESH(I) = 0.4000000000000000D+02
I = 5 ZMESH(I) = 0.4250000000000000D0+02
I = 6 ZMESH(T) = 0.4500000000000000D+02
I = 7 ZRMESH(I) = 0.4752000000000000D0+02
QUADRATURE OBDER POR F DIRECTION 1
QUADRATURE ORDER POR Z NIRECTION 4
MATERIAL TABLE IS GIVFN AS MATL (RINDEX,ZINDEX)
MATERIAL TABLE POR ZINDEX = 1
1
CONSRV= P
ALGBCS= T
LOGICAL SWITCHES TO CONTROL PROGRANM
STEDSW = P GUOESSY = F TRANSW = T INITSW = T
ISTDRS = F ITRARS = P IANAL = F
DUAPSW = P
IREVLA( 1) = P
IRBVLA( 2) = P

OPDER OP SPLINE DERIVATIVES COMPUTED IS O
YUMBER OF OSER SUPPLIED POINTS IN R DIRECTION 1

RGPID( N = 0.50000000D0+90
NOMBEB OF USBR SUPPLIED POINTS IN Z DIRECTION 3
2GRID( 1) = 0.30000000D0+02
ZGRID( 2) = 0.40000000D0+02
ZGRID( 3) = 0.500000000+02

READING NANELIST DATA

CONTR TOO HIGH, BERING RESET TO 1-1
NYGAP = 0 NHGAP = 0 LR = 1 Lz = 8 NR = 1 NZ = 18
IL(I) =
1
JL(J) =
4 6 8 ¥ 12 e 16 18

IREP(IY) =
1

JREF(J) = 1 1 1 1 1 1 1 1
MLTAB( YV, 1) = 1
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MLTAB( 1, 2)
NLTAB( 1, 3)
ALTAB( 1, 4)
MLTAB( 1, 5)
NLTAB( 1, 6)
MLTAB( 1, N
BRLTAB( 1, 8)

L I T ]
R B X Y

HORIZONTAL ORDERING

NI= 2 NJ= 2

NIH= 1 NJH=

NCC=

-4

1 NCCH=

SYSTEH SIZE POR THIS CASE
8
18

LR = 1 L2
NR = 1 NZ
NVAR = 36

THIS IS THE DIRECT VERSION

-1

MBH=

DM =

7

THIS VERSION DOES NOT REQUIRE BOUNDARY CONDITIONS ON EVERY SIDE

FOR SPECIES NO. 1
SIDE 1 ALPHA
SIDE 2 ALPHA
SIDE 3 ALPHA
SIDE & ALPHA

POR SPECIES ¥O. 2
SIDE 1 ALPHA
SIDE 2 ALPHA
SIDE 3 ALPHA
SIDE 4 ALPHA

[~ RN N-] coQoo0

nounn
o000 [~ XN X=)

SIDE INDICATORS BY SPECIES

FOR SPECIES NO. 1

FOR SPECIES WO, 2
BOUNDARY H PUNCTION FOR
SPECIES NO. 1 MATERIAL
SPECIES NO. 2 MATERIAL
BOONDARY H FUNCTION FOR
SPECIES NO. 1 MATERIAL
SPECIES NO. 2 MATERIAL
REACTION RATES

PIRST ORDER RATES
CK INTO 1 FROM 1 IS
CK INTO 2 PROM 1 IS
CK INTO 1 PROM 2 IS
CK INTO 2 PROM 2 IS

SECOND ORDER REACTION RAT

CKK INTO K = 1 FOR KpP
CKK INTO K = 1 POR KP
CKK INTO ¥ = 1 POR KP
CKK INTO K = 1 FOR KP

nowonon

BETA
BETA
BETA
BETA

BETA
BETA
BETA
BETA

NS1= 0 NS2= 0
¥s1= 0 Ns2= 0

SIDES 1 AND 3
INDEX 1 HOU1
INDEX 1 HOU1
SIDES 2 AND 4
INDEX 1 HU2
INDEX 1 HO2

S ARE

1 INTO KPP
2 INTO KPP
1 INTO KPP
2 INTO KPP

=0.10000000D+01
=0.10000000C+01
0.10000000D+01
0.10000000D+01

=0.10000000D+01
=0.10000000D+01
0.10000000D+01
0.10000000D+01

NS3= ¢
NS3= 0

NS4=
NS4=

0.1000000000000000D+01
0.1000000000000000D+11

0.1000000000000000D+01
0.1000000000000000D+01

LS Nrepy

CKK( 1,
CKK( 1,
CKK( 2,
CKK( 2,

1,
2,

pury
-

2,

N
N
1
n

0
0

GAMMA
GAMMA
GANMA
GAMMA

GANMA
GAMNA
GAMMA
GAMMA

RO3
HO3

HOU4
HO4

OCooo
« s s .

[= RN =N CooQ

0.100000000C0000000+01
0.100000000€0000C0D+01

0.100C0000CCOCC00ND+D1
0.10000000CC0000COD+01
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CKRK INTO K = 2 POR KP = r0p = 1 CRK( 1, 1, 2y = 0.0
CKK INTO K = 2 FPOR KP = 2 Ivia K2P = 1 CKK( 1, 2, 2) = 0.0
CKK INTO K = 2 POR KP = 1 INTO KPP = 2 CKK( 2, 1, 2y = 0.0
CKK INTO K = 2 FPOR KP = 2 INTO KPP = 2 CKK( 2, 2, 2) = 0.0
ISTDPQ = 100

TINE AND SPACE GRID FOR PROUT

NUMBER OF MAJOR TIMF VALUES 2

NUNBER OF SUBINTERVALS OP EBACH MAJOR TIME INTERVAL12

(OUTPUT WILL OCCOR AT EACH SOCH TINE)

MAJOR TIME VALUES

0.9 0.8640000000000000D+05

DATASET CREATED POR USE IN GRAPHICS

GRAPR = F
PRINT SWITCH INDICATORS
IPRSW1 = 0 IPRSW2 = 0 IPRSW3 0 IPRSWU = 0 IPRSWS = 0
ODE PACKAGE DATA
BEPS = 0.1000000000000000D-02 HINIT = 0.10000000000000000-03 MF = 21

CONTINOUITY FOR R AND Z DIRECTIONS MAY HAVE BEEN RESET

CONTR = O CONTZ = 2
DEFAOLT INITIAL COEFPPICIENTS

0.1000000000000000D+01
0.100000000000170000+01
0.1000000000000000D+01
0.1000000000000000D+01
0.1000000020000000D+01
0.1000000007000000D+01
0.1000000000000000D+01
0.1000000007000000D+01
0.10000000070N0000D+01

VALUES OF CONCENTRATICN U OF THE

(FPROBS INIPIT)
0.5845507605104101D+06
0.5470729890168923D+16
0.51253133979232570+406
0.50058232635877770+06

VALOES OP CONCENTRATION O OF THE

(PBOM INIFIT)
0.58455076051041N0D+12
0.5470729890168923D+12
0.5125313397923257D+12
0.5005823263587777n+12

VALUBS OF CONCENTRATION U OFP THE

(PRON INIFIT)
0.768209233059F028D+06
0.714224238u883945D+06
0.6536905503209353n+06
0.R073443721740726D 436

YALUBS OP CONCENTRATION U OP THE

(prROM IRIVIT)
0.768209233C596027D+ 12
N.71822423A4AB39U4AD+12
0.6536905503209353D+12
0.6073643721740726D412

YALUERS NP CONCENTHATION U OP THF

(PBOM INITFIT)
0.931128751366FBHAD+ 06
0.8955229152425%16Ds0A

0.100000000000C0C0OD+01
0.1000000000000000N+01
0.1000000000000000D+01
0.1000000000600000D+ 01
0.1000000000000000D+01
0.1200000000000000D+01
0.1000000000C0N0000D+ 01
0.1000000000000000D+01
0.1300000000000000D401

¥XGORD

TH SPECIES AT THE QUADRATTRE

TH SPECIES AT THE QUACRATORF

TH SPECIES AT THE UUADRATURE

TH SPECIES AT THE QUADRATURE

TH SPECIES AT THE QUACRATURF

POINTS IN TH® ( 1,

POINTS IN THE ( 1,

POINTS IN THE ( 1V,

POINTS IN THE ( 1V,

POINTS IN THE ( 1,

0.100000000000000CD+0?
0.1000000000000000C+01
0.1000000000000000D+01
0.1000000900000000D+01
0.1000000000000000D+01
0.10000000000C00000D+N?
0.1000000000000000D+01
0.1000000000000000D+01
0.1000000000000000D+01

S

n.1000000000000000D+01
0.1000000000000000D+01
0.1000000000000000D+01
0.1000000000000000D+01
0.1000000000000000D+01
0.1000000000000000D+01
0.1000000000000000D+01
0.1000000000000000D0+01
Q.10000000000000000#01

1}-TH RECTANGLE.

1y~-TH RECTANGLE.

2)-TH RECTANGLE.

2) -TH RECTANGLE.

J)-TH RECTANGLE.
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0.8408606696138081D+06
0.79424328561812620D+06
VALUES OF CONCENTRATION O
(FRON INIFIT)
0.9311287513666888D+12
0.8955229152425518D+12
C.B8408606696138081D+12
0.7942432856181262D+12
VALUBS OF CONCENTRATION U
(PRON INIFIT)
0.9997548357817510D+06
0.9931863542315364D+06
0.9723089106323048D+06
0.94739859506625830+06
VALUES OF CONCENTRATION U
(FROM INIFIT)
0.9997548357817508D+12
0.9931863542315363D+12
0.9723089106323048D+12
0.9473985950662584D+12
VALUBES OF CONCENTRATION U
(FROM INIFIT)
0.9473985950662591D+06
0.9722089106323055D+06
0.9931863542315357D406
0.9997548357817505D+06
VALDES OF CONCENTRATION O
(PROM INIFIT)
0.94739859506625960+12
0.9723089106323060D+12
0.9931863542315357D+12
0.99975u8357817502D+12
VALUES OF CONCENTRATION O
(FRON INIPIT)
0.7942432856181271D+06
0.8408606696138088D+06
0.8955229152825512D+06
0.9311287513666884D+06
VALTES OF CONCENTRATION U
(PROM INIFIT)
0.7942432856181271D+12
0.84086066961380860+12
0.8955229152425512D+12
0.9311287513666887D+12
VALUBS OF CONCENTRATION O
(FROM INIFIT)
0.6073443721740731D+06
0.65369€5503209357n+06
0.7182242384883944D+06
0.7682092330596029D+06
VALUES OF CONCENTRATION O
(FRON INIFIT)
0.6073443721780730D+12
0.6536905503209356D+12
0.7182242384883945D+12
0.7682092330596030D+12
VALOES OF CONCENTRATION U
(FPROM INIFIT)
0.5005823263587777D+06
0.5125313397923259D+06
0.5470729890168923D+06
0.5845507605104101D+06

OF

OF

oP

oF

oF

oF

OF

oF

OF

OF

THE

THE

THE

THE

THE

THE

THE

THE

THE

THE

TH

TH

TH

TH

TH

TH

TH

TH

TH

TH

SPECIES

SPECIES

SPECIES

SPECIES

SPBCIES

SPECIES

SPECIES

SPECIES

SPECIES

SPECIES

AT

AT

AT

AT

AT

AT

AT

AT

AT

THE

THE

THE

THE

THE

THE

THE

THE

THE

THE

QUADRATORE

QUADRATORE

QUADRATORE

QUADRATORE

QUADRATURE

QUALRATIRE

QUATRATORE

QUADRATURE

QUADRATORE

QUADRATURE

POINTS

POINTS

POINTS

POINTS

POINTS

POINTS

POINTS

POINTS

POINTS

POINTS

N

IN

IN

IN

IN

IN

IN

IN

IN

IN

THE

THE

THE

THE

THE

THE

THE

THE

THE

t,

1,

1,

1.

1,

1,

3)-TH

4)-TH

4) -TH

S) -TH

5) -TH

6)-TH

6)-TH

7Y -TH

7) -TH

8) ~TH

RECTANGLE.

RECTANGLE.

RECTANGLE.

RECTANGLE.

RECTANGLE.

RECTANGLE.

RECTANGLE.

RECTANGLE.

RECTANGLE.

RECTANGLE.
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VALUES OF CONCENTRATION U OP THE

(FRON¥ INIFIT)
0.5005823263587776D+12
0.51253133979232580D+12
C.5070729890168923D+12
0.5845507605104102D+12

2 TH SPECIES AT THE QUADRATURE POINTS IN THE (

1,

8) -TH RECTANGLE.
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READING NAMELIST

CHA

NGFS

DATA
IN NANPLIST D&

FOE SPFCIES NO. 1

SIDE 1 ALPHA = n.n
SIDE 2 ALPHA = 0.0
SIDE 2 ALPHA = 0.9

SIDE 4 ALPHA = 0.0
FOR SPECIES NO. 2

SIDE 1 ALPHA = 0.0
SIDE 2 ALPHA = 0.9
SIDE 3 ALPHA = n.0
SIDE 4 ALPHA = 0.0

SIDE INDICATORS BY SPECIES

POR SPECIES NO., 1 NS1= 0

FOR SPECIES NO. 2
BOUNDARY H FUNCTION FOR
SPECIES NO.
SPECIES NO.

NS1= 0

1 MATERIAL INDEX
2 MATERIAL INDEX

iV BEEN MADE POR TRANSIENT

1 HO1

1

HO1

BETA = ~0.10000000D+01
BETA = -0.10000000D+01
BETA = 0.1000000CD+01
BETA = 0.10000000D+01
BETA = -0.10000000D+01
BETA = -0.10C00000D+01
BETA = 0.100060000D+01
BETA = 0.10000000D+01
NS2= 0 NS3= 0 NSu4=
NS2= 0 NS3= 0 NSu=

SIDES 1 AND 3

BOUNDARY H FUNCTION POR SIDES 2 AND 4

SPECIES NO. 1 MATERIAL INDEX 1 HU2
SPECIES NO. 2 MATERIAL INDFX 1 HU2
REACTION RATES

PIEST ORDER RATFS

CK INTO 1 FROM 1 IS 0.0

CK INTO 2 FFOM 1 IS 0.0

CK INTO 1 FFOM 2 IS 0.0

CK INTO 2 FROM 2 TS 0.0

SECOND ORDER REACTION RATES ARE

CKK INTO K = 1 FOR KP = 1 INTO KPP
CKK INTO K = 1 POR KP = 2 INTO K@P
CKK INTO X = 1 POR KP = 1 INTO KPP
CEK INTO K = 1 POR KP = 2 INTO KPP
CKK INTO K = 2 POR KP = 1 INTO KPP
CKK INTO K = 2 POR KP = 2 INTO KPP
CKK INTO K = 2 FOR KP = 1 INTO KPP
CKK INTO K = 2 FOR KP = 2 INTO KPP
ISTDFQ = 100

TIMF AND SPACE GRID FOR PROUT

NOMBER OF MAJOR TIME VALUES 2
NUMBER OF SUBINTERVALS OF EACH MAJOR TIME INTERVAL12
(OOTPOT WILL OCCUR \T EACH SOCH TIME)
MAJOR TIMFE VALUES

0

GRA

.0

PH =

NN = a DN -

0.1000000000000000D+ 01
0.1000000006000000D+01

0.1000000000000000D+01
0.1000000000000000D+91

CKK( 1, 1, 1)
CKK( 1, 2, 1
CKK( 2, 1, 1)
CKK( 2, 2, N
CKK( 1, 1, 2)
CKK( 1, 2, 2)
CKK( 2, 1, 2y
CKK( 2, 2, 2

0.8640000000000000D+05
DATASET CREATED POR USE IN GRAPHICS

F

PRINT SWITCH INDICATORS

IPRS

W1 =

0 IPRSW2 = D

ODE PACKAGE DATA

EPS

0.1000000000000000D-02

IPRS

CONTINUITY FOR R AND 2 DIRECTIONS

CONT

R =

0 CONTZ = 2

INITIAL CCEFFICIENTS FOR TRANSIENT

0.4999264413uU23072D+06
0.5409738759634uB85D+06
0.7187855915021812D+06
0.9004477533441054D+06
0.1000064170975785D+07

W3 =

HINIT

IPRSWY = 0

= N.10000000000000

GANMA
GAMMA
GANMA
GAMMA

GAMMA
GAMMA
GAMMA
GAMNA

0
o

HO3
HO3

HOu
A0u

nuwwnawnn
QUIQoCOoOOoOC
. e

(=RoleRe ol ol Ne)

IPRSWS = 0

00D~03

i

0.1000000000000000D+01
0.100000000C000000D+01

0.1000000CCCC0O0000D+N1
€.1000C00GC00000COD+01

= 21 MXGORD = S

0.4999264413423CT71D+12
0.540373875963uuB8u4D+12
0.71878559150621813D+12
0.9004477533441058D+12
0.1000064170975785D+13

€.577322217C0878941D+06
0.650519579212134€D+06
0.84383288€8260228D+C6
0.9785851462945553D+06
0.1070064170975782D+07

0.50032221729878942D+12
0.6505195792121346D+12
0.8438328868260226D+12
0.9785851462945552D+12
0.1000064170975782D+13
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C.97R5R51462945581D+06
0.8438328868260250D+06
0.r505195792121356D+ 36
0.5003222173878950D+ 06

0.9785851462945591Dp+12
0.8438328868260246D+12
0.6505195792121353D+12
0.50032221708789u6D+12

0.9704477533441027D+06
0.7187855915021796D+C6
0.540973875963u476C+06
0.499926u4413423069D+06

0.9004477533441026D+12
0.7187855915021800D+12
0.54C973875963u4480D+12
0.4999264413423070D+12

861



BEGIN TRANSIENT SOLUTION

PROUT FOF TIMFE = 0.0

¥ =
0.4999264uD+06h
0.65051958D+06
0.90044775D+ 06
0.1C000642D+07
0.84383289D+ 06
0.5409738RD+06

VALUES OF CONCENTRATIONS
(PRONM PROUT VIA TINEX )

APPROXIMATE SOLOUTION
0.49992644134230690+06

APPROXIMATE SOLUTION
C.1000064177975784D+07

APPROXIMATE SOLUTION
0.4999264u13u23072D+06
VALOES OF CONCENTRATIONS
(FROM PROUT VIA TIMEX )

APPROXIMATE SOLUTION
0.4999264413423069D+12

APPPOXIMATE SOLTTION
0.1000064170975784D+13

APPROXIMATE SOLUTION
0.4999264413423071D+12
TOUT= 0.0

PROUT POR TIME = 0.7

W=
0.20761057D+05
0.27001837D+05
0.37299108D+05
0.41192268D+05
0.34466661D+05
0.23043523D+05

VALUES OF CONCENTRATIONS
(PROM PROUOT VIA TIMEX )

APPROXTIMATE SOLUTION
0.2220193664N96921D+N5

APPROXINATE SOLNTION
0.4125017945629122D+C5

APPROXIMATE SOLUTION
0.2076105699898301D+05
VALUES OF CONCENTRATIONS

0.49992644D+12
0.65051958D+12
0.90044775D+12
0.10000642D+13
0.84383289D+12
0.54097338D+12

U OF THE

1 TH SPECIES ON THE

0.50032222Dp+C6
0.71878559D+06
0.97858515D+06
0.97858515D+06
0.71878559D+Ch
0.50032222D+06

0.50032222Dp+12
0.71878559D+12
0.978585150+12
N.97858515D+12
0.71878559D+12
0.50032222D+12

USERS GRID

U0 OF THE 2 TH SPECIES ON TFE USEES GRID

2000000D+04

0.50111956D+12
0.65176358Dp+12
0.90033404D+12
0.99u431537D+12
0.83195927D+12
0.55621476D+12

G.207781u5D+05
0.29824085D+C5
0.40468972D+05
0.40226237D+05
0.29365839D+05
0.22175029D+05

0.52153205D+12
N.71989074D+12
0.9768547u4D+12
0.97099507D+12
0.70882837D+12
0.53525069D+12

U OF THE 1 TH SPECIES ON THE USERS GRID

0 OF THE 2 TH SPECIES ON THE USERS GRID

€.54097388D+06
0.84383289D+06
€.1000C642D+N7
C.900u44775D+06
0.65051958D+06
C.49992AUUD+06

0.22467506D+05
0.34977656D+05
0.413C8C91D+05
0.36866378D+05
0.2672236uD+05
€.222C1937D+ 05

0.54097388D+12
0.84383289D+12
0.10000642D+13
0.90044775D+12
0.65C51958D+12
0.499926uuD+12

0.54231046D+12
0.84429451D+12
0.99711135p+12
0.83988798D+12
0.645017u45D+12
0.53590019D+12
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(FRCM ERCUT™ VTA TIMFY )

APEFOXIMATE SOLNTION
0.53590€1853939819Nn+12

APPROXIMATE SOLTTION
0.9957133627759844D+12

APPROXINMATE SOLUTION
0.5011195625014761D+12

TOUT= 0.7200000000000000D+ 04

ESTIMATED TIME POR A CALL
TIME LEFT

PROUT FOR TIME =

¥ =
0.12908699D+19R8
0.16761923D+08
0.23082767D+08
N.25338u443D+08
0.21052400D0+08
0.1473335Rp+08

VALOES OF CONCENTRATIONS
(FROM PROUT VIA TTMEX )

APPROXIMBATE SOLUTION
0.1436251371761089D+08

APPROXIMATE SOLUTION
0.254108503427779u4D+08

APPROXIMATE SOLUTION
0.1290869C042715100+08

VALUES OF CONCENTRATIONS

(PROM EROOUT VIA TIMOX )

APFROXIMATE SOLOTION
0.5594094582439330D+12

APPBOXINATE SOLOTION
0.9914349285040650D+12

APFFOXIMATE SOLOTION
0.5025624778906308D¢ 12

N OP THE

TO DRIVE

0.17535000D+05

C.144230000D+C5

0.50256248D+12
0.65323157D+12
0.90039636D+12
0.98860347D+12
0.82100180D+12
0.57391014D+12

U OF THE

DELTA T

0.86400000000C9900D+05

0.22790000D+04

0.12919537D+08
0.18500455D+ M8
0.24996354D+(C8
0.24636308D+03
0.18020727D+C8
0.14353287D+(C8

0.50298663D+12
0.72121258D+12
0.97522620D+12
N.96349304D+12
N.70245396D+12
0.55904869D+12

1 TH SPECIES CN THE USERS GRID

2 TH SPECIES ON THE USERS SGRID

0.86u4C00000000070CD+0S

TOOT= 0.1440CNIN0CNCI0I09D+05 DELTA T
ESTIMATED TINE POR A CALL TO DRIVE 0.65000000D+02
TIAE LEPT N.1746700700+05
PROUT POR TIME = 0.21600000D+05
=
0.46829963D+0A 0.54269462D¢+12 0.46865Bu4D+08
- 0.59313040D+08 0.69330767D+12 0.6L911875D+CH

0.79666138D+0A

0.93888u06D+12

0.85719261D4+ 04

0,54312753D¢12
N.76110231D+12
N.1%119220D+ 13

0.13965495D+08
0.216644C3D+08
0.25483258D+08
0.22554066D+08
C.16574036D+08
0.1436251uD+18

0.502637C2n+08
C.7512C973D+08
0.87193653D+08

0.54388511D+12
0.84493331D+12
0.99426639D+12
0.87972254D+12
0.64588471D+12
0.55940946D+12

0.58u12386D+12
0.884008200D+12
0.10297127p+113
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0.86485436D+08
0.72285038D+08
0.53891859Dp+08

VALUES OF CONCENTRATIONS
(FROM PROUT VIA TTHMEX )

APPFOXIMATF SOLOTION
0.5294171211892320D+08

APPROXIMATE SOLUTION
0.8683954413069259D+08

APPROXIMATE SOLUTION
0.4682996301832602D+08

VALUES OF CONCENTRATIONS

(FROM FROOUT VIA TIMEX )

APPROXIMATE SOLNTION
0.6164309401435280D+12

APEROXIMATE SOLUTION
0.10254403927605400+13

APPROXIMATE SOLUTION
0.5426946248644274D+12

TOUT= 0.2160000000000000D+05

ESTIMATED TIME FOR A CALL
TIME LEFT

PROUT FOR TINE =

¥ =
0.74969979D+08
0.18821159p+08
0.25061639p+08
0.27013632D+08
0.22579447D+08
0.17451115D0+08

VALUES OF CONCENTRATIONS
(FROM PROUT VIA TIMEX )

APPROXIMATE SOLUTION
0.1720741494294180D+408

APPFOXIMATE SOLUTION
0.2715965397759396D+08

APPROXIMATE SOLUTION
0.1496997930484354D+08

VALUES OF CONCENTRATIONS

(FROM PROUT VIA TIMEX )

APPROXIMATE SOLUTIOW
0.6704946343001749D+12

APPROXIMATE SOLTUTION
0.1059574509224302Dp413

0.10211681D+13
0.B84982666D+12
0.62789528D+12

U OF THE 1 TH SPECIES ON THE USERS

0.84259683D+C8

0.63019632D+03

0.529225270+08

0.99431225D+12
0.73803042D+12
0.61619%46D+12

GRID

U OF THE 2 TH SPECIES ON THE USERS GRID

TO DRIVE

0.17441000D+0S

0.28800000D+05

0.58302301D+12
0.73357993D+12
0.97755126D+12
0.10538653D+13
0.88050751D+12
0.68002149D+12

DELTA T

0.8640000000000000D0+05

0.29000000n+02

0.14981232D+(8
0.20550515D+(C8
0.26883157D+08
0.26283501D+C8
0.19908479D+C8
0.17203329D+08

0.58346290D+12
0.87118807D+12
0.10487649D+13
0.10253197D+13
0.77608782D+12
C.67033u93D+12

U OF THE 1 TH SPECIES ON THE USERS GRID

U OF THE 2 TH SPECIES ON THE USERS GRID

C.77144314Dp+08
0.58909990D+ 08
0.52941712D+08

0.16032302p+08
0.23674942D+08
0.273C5676D+08
C.24052492D+08
0.18788753D+08
C.172C7415D+08

0.908u458u9D+12
0.688u4363D+12
0.6164309uD+12

0.62455270D+12
0.92333751D+12
0.10652837D+13
0.93809646D+12
0.73231391D+12
0.670u49u63D+12
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APPFOYIMATE SOLNTION
0.S83023779192729U+ Y
TOUT=

0.2880000000000000D+05

ESTIMATED TIME FOR AR CALL TO DRIVE

TIME LEFT

PROUT FOR TIME =

W=
0.24231271D+05
0.204723920+905
0.405234770+05
0.43440439D+05
0.36A232941D+0<
0.28675764D+05

VALOES OF CONCENTRATIONS
(PROM PROUT VIA TIMEX )

APPROXIMATE SOLOUTION
0.2833867787659093D+05

APPROXIMATE SOLUTION
0.4373606636N063932D+95

APPFOXIMATE SOLUTION
0.2823127065620274D+05

VALUES OF CONCENTRATIONS

(PROM FROUT VIA TINEX )}

APPROXINATE SOLNTION
0.6835744560403455D+12

APPROXIMATE SOLUTION
0.1055014053A88299D+13

APPPOXINATE SNLOTION
0.5844925u18915659D+12

0.17263000D+05

0.36000000D+05

0.58443254D+12
0.73504551D+12
0.97751316D+12
0.10478820D+13
0.874970900D+12
C.69173001D+12

U OF THE

0 OF THE

DELTA T

0.8640C00000000000D+35

0.17800000D+(3

0.24249749D+ 05
0.33268451D+05
0.43u00314D+05
0.4219C936D+ (5
0.32201044D+05
0.28333922D+05

0.58493829D+12
0.82249533D+12
0.10469143D+13
0.10177389D+13
0.77674611D+12
0.68345973D+12

1 TH SPECIES ON THE USERS GRID

2 TH SPECIES ON THE USERS GRID

0.8f4C0000000C2N0ND+I5

TOOT= 0.3600000000000000D+05 DELTA T
ESTIBATED TIME POR A CALL TO DRIVF 0.2030000CD+03
TIME LEPT 0.170600000+05
PROUT FOR TIME = N,43200000D+05
[
-0.21014397D-132 nN.58570450D¢12 -0.210305720~-32

=0.264175000-132
~0.35077433D0-32
~0.3742614A80-32
=0.311207930-132
-f,25194591D- 32

VALUES OF CONCENTRATIONS
(PECA EROUT VIA TIMNEX )

0.73624719D+12
0,977182920+12
N.10416156D¢13
0.36858686D4+12
0.70189792D+12

U OF THE

-0.28833606D-32
-0.37518285D-32
-0.36276360D-32
=0,27R78237D~-32
-0.20002474D-32

0.58615507D+12
0.80353557D+12
0.10uu7384D+13
0.10130597D+12
0.779705u5D+ 12
0.69UnBTS3D+12

1 TH SPECIES CN THE USERS GRID

0.25957381D+05
0.38301332Dp+05
0.44C317C2D+05
0.39549831D+05
0.30583625D+05
C.2833R6768D+05

-0.225120150-32
-0.3317€183D~-32
-0.380296350-32
-C.33C7u2C50-32
-0.266395270-132
-0.249452570-32

0.62613056D+12
0.92390628D+12
0.10621461D+13
0.92990094D+12
0.73772907D+12
0.683574u6D+12

0.6274u470D+12
0.92019502D+12
0.10586571D+11
0.922377160D+12
0.74291685D+12
0.69477214De12

20¢



APPROXIMATE SOLUTION
-0.2494525718306979Dp-32

APPROXIMATE SOLOTION
-0.3772784142334187D-32

APPROXIMATE SOLUTION
-0.2101439658958643D-32

VALUES OF CONCENTRATIONS U OF THE 2 TH SPECIES ON THE USEPFS GRID
(FROM FROUT VIA TIMNEX )

APPROXIMATE SOLUTION
0.69477214N0U634738D+12

APPROXIMATE SOLUTTION
0.1050136336078147D+13

APPROXIMATE SOLUTION
C.5857044962281630D+12
TOUT= 0.432000000C000000D+05 DELTA T = 0.8640000000000000D+05

FSTIMATED TIME FOR A CALL TO DRIVE
TIME LEFT 0.15631000D+05

0.14290000D+04

PROUT FOR TIME = 0.50400000D+05

R =
0.35830007D-33
0.45041975D-33
0.59804735D-33
0.63810459Dp-32
0.53111248D-33
0.42918459D-33

0.58691929D+12
0.73744049D+12
0.976802u5D+12
0.10353538D+13
0.86422227D+12
0.71104532D+12

0.358575670-33
0.49161185D-33
0.63963794D-33
0.61867277D-33
0.4755400u4D-33
0.42480838D-33

0.58737383D+12
0.80456135D+12
0.10424769D+13
C.10026250D+13
D.7797694uD+12
0.70466939D+12

VALUES OF CONCENTRATIONS U OF THE 1 TH SPECIES ON THE USERS GRID
(FROM PPOUT VIA TIMEX )

APPFOXIMATE SOLUTIOW
0.,424858u3U1367259D-33

APPROXIMATE SOLUTION
0.64322155FU2526968D-33

APEROXIMATE SOLUTION

0.3583000734683872D-33
VALUES OF CONCENTRATIONS U OF THE 2 TH SPECIES ON THE USERS GRID
(FROM PROUT VIA TIMEX )

APPROXIMATE SOLTTION
0.7047325472749630N+12

APPROXIMATE SOLOUTION
0.1045206174614654D+13

APERCXIMATE SOLNTION .
0.5869192878265545D+12
TOUT= 0.59400000000000000+35 DELTA T = 0.8640000000000000D+05

ESTIMATED TINE POR A CALL TO DRIVE
TIME LEPT 0.15618000D+05

0.13000000D+02

0.38383273D-33
€.56553918p-33
0.64833852D-133
C.564361u48D-33
0.45415934p-33
0.42485843D-33

0.62875501D+12
0.92444982D+12
0.10550586D+13
0.91572796D+12
0.74798418D+12
0.70473255D+12

€0¢



PROUT FCR TIME =

¥ =
-0.33601807D-32
-C.42240895D~-32
-0.560852380-32
-0.59840u431D-32
-0.49807432p-32
-0.402505990-32

VALUES OF CONCENTRATIONS
(FRONM PROUT VIA TIMEX )

APPROXIMATE SOLUTION
-0.3984497290889737D-32

APPROXIMATE SOLUTION
~0.6032060695688750D-32

APEROXINATE SOLNTION
-0.33€0180682110748D~32

VALOES OF CONCENTPATIONS

(FRON PROUT VIA TIMEX )

APPROXIMATE SOLUTION
0.7136677567228190D+12

APPROXIMATE SOLUTION
0.10802490813353290+13

APPROXIMATE SOLOTION
0.5881367214725579D+12

N.5Te )0t ueln

0.58813672D+12
0.73862508D+12
0.97637015D+12
0.102914160+13
0.86073430D+12
0.719325u6D+12

U OF THE

U OP THE

TOOT= 0.5760000000000009D+405 DELTA T

ESTISATED TINE POR A CALL
TIAE LEFT

PROUT POFP TIME =

¥ =
0.3038613AD-27
-0.75341548D-28
-0.349u8267D-219
0.6085B81070-29
-0.833968813D-3"
0.15853991D-13N

YALOES OF CONCENTRATIONS U OF THE

(FROW PPOOT VIA TIMNEX )

APPFOXIMATE SOLNTION
N.28781714€C293841D-31

APPROXIMATE SOLNTION
-0.1998068320A56972D-29

APPBROXIMATE SOLMNTION

TO DRIVE

0.156120000+05

n.64600000D+05

0.589356560+12
0.73980065D+12
0.97588470D+12
0.1023022UD+13
0.85796519D+12
0.72686478D+12

-0.33627652p-32
-0.46103912D-32
-0.59985176D-32
-0.58017916D-32
~0.44596898D-132
-0.3984C€280D~-32

0.58859452p+12
0.R8055722uD+12
0.104213040+13
0.99549984D+12
0.7818585un+12
0.71362016D+12

1 Td SPECIES ON THE USEFS GRID

2 TH SPECIES ON THE USERS GRID

0.A€4000000000290CD+05

0.6000000CD+C

-0.719707270-27
-0.8u22€¢325D-28
0.214251300-28
-0.28767135D-29
0.48225267D0-130
-0.17277177p-3C

0.589816990+12
0.806567830+12
0.10377023D+13
0.9RA71650D+12
0.78415812D+12
€C.72170530D+12

1 TH SPECIES ON THE USERS GRID

-0.35996303D-32
-0.5303673€D-32
-0.60800783D~-32
-0.52924975D-32
-0.42592249D-32
-C.3984u4973D-32

¢.25711574D0-27
0.67842933D-28
-0.10C815470-28
0.17126472D-29
-0.26736526D0-30
€.287817140-31

0.63006164D+12
0.92466995D+12
0.10513566D+13
0.90989185D+12
0.75287283D+12
0.71366776D+12

0.63136474D+12
0.92485467D+12
0.10875656D+13
0.90477923D+12
0.75756311D+12
0.72174159D+12

v0¢



0.3038613830832379D-27
VALUES OF CONCENTRATIONS
(FROM PROUT VIA TIMEX )

APPROXINMATE SOLUTION
0.7217415928622239D+12

APPROXIMATE SOLOTION
0.1035294006580380D+13

APPROXIMATE SOLUTION
0.5893565638B451970+12

TOUT= 0.6480000000000000D+95

U OF THE 2 TH SPECIES ON THE USERS GRID

ESTIMATED TIME FOR A CALL TO DRIVE

TIME LEFT

PROUT FOR TIME =

W =
0.124351320-26
-0.30828978D-27
-0.14297890D-27
0.24947174p-28
-0.33776693D-29
0.677216920-30

VALUES OF CONCENTRATIONS
(FROM PROUT VIA TIMEX )

APPROXIMATE SOLUTION
0.1459220425798624D-30

APEFROXIMATE SOLUTION
-0.8134079675338683D-29

APPROXIMATE SOLUTION
0.1243513217593859D-26

VALUES OF CONCENTRATIONS

(FROM FROUT VIA TIMEX )

APEROXIMATE SOLUTION
0.72905501N9117528D+12

APPROXIMATE SOLUTION
0.1030361394204485D+13

APPROXIMATE SOLOTION
0.5905786519410204D+12

TOUT= 0.7290000000000000D+05

0.15597000D+05

0.72000000D+05

0.59057865D+12
0.74096695D+12
0.97534519D+12
0.10170247D+13
2.85581402D+12
0.73374306D+12

DELTA T

0.864C0C00N0000000D+05S

0.15090000D+C2

-0.29452285D-26
-0.34u46u4615D-27
0.87720251D-28
-0.11731379D-28
J3.20050135D-29
-0.67603236D-30

0.59104114Dp+12
0.80754782D+12
0.10351956D+13
0.9R22A8892D+12
0.78660388D+12
0.72902665D+12

U OF THE 1 TH SPECIES ON THE USERS GRID

U OF THE 2 TH SPECIES ON THE USERS

ESTIMATED TIME POR A CALL TO DRIVE

TIME LEFT

PROOT FOR TINME =

¥ =
0.28284141D-26

0.15596000D+05

0.79200000D+05

0.59180276D+12

DELTA T

GRID

0.86400C000C0C0ON00D+05

0.10200000D+01

-0.6€6988365D-26

0.59226RRU4D+12

0.10522181D-26
0.27767C54D-27
-0.41215333p-28
0.7046C292D-29
~0.10640576D-29
0.145922C4D-1390

0.23933193p-26

0.63266437D+12
0.925003u40D+12
0.10436981D+13
0.90032427D+12
0.76204910D+12
0.72905501D+12

0.63396069D+12

G0¢



-0.7C113172p-2"
-N.32511"73Dp-27
0.56841621D-2R
-0.75996351D-29
0.16072¢73D~-29

VALUES OF CONCENTRATIONS
(FRON PROOT VIA TIMEX )

APPPOXIMATE SOLUTION
0.39816783124937330-30

APFROXTIMATE SOLATION
-0.1880055695135602D-28

APPROXINATE SOLUTION
0.2828414105480834D-26

VALOES OF CONCENTRATIONS

(PFOM EFROUT VIA TIMEX )

APPROXIMATE SOLUTION
0.7357795C44A92915D0+12

APPROXIMATE SOLUTION
0.10254793793762u4D+13

APPROXIMATE SOLUTION
0.5918027643486777D+12

TOUT= 0.79290000C0000900D+95

ESTIMATED TIME POR A CALL
TINE LEPT

TAinID+12
ERER AR EX P
J.101113937D+13
0.85411740D+12
0.74009108D+12

U OF THE

U OF THE

TO DRIVE

0.15595000D+05

PROUT POR TIME = 0.86400000D+05
¥ =
0.36058A33D0-27 0.59302869D+12
-0.893797950-28 0.74327055D0+12
-0.41440957D-28 0.97409830D+12

0.72529621D-29
-0.96346771D-30
0.209249810-139

VALUES OF CONCENTRATIONS
(PRON PROUT VTIA TIMEX )

APPROXINAITE SOL"TION
0.5506298275070659D-31

APPPOXIMATE SOLUTION
-0,2339297002746397D-29

APPROXIBATE SOLOTION
0.3€0568633393710921n~-27

VALUBS OF CONCENTRATIONS U OF THE

(PROA PBOOT VIA TIMEX )

APPROXIMATE SOLNTION
0.74204048R2437140D+12

0.10055667D+13
0.85274712D+12
0.74600926D+12

U OF THE

DELTA T

-0.78381750D~27
0.19961859D-27
-0.26586406D-28
0.46345561D-29
-0.14713669D-29

2 TH SPECIES ON THE USEFS

0.8085118uD+12
0.10326123D+13
0.97625903D+12
nN.78906927D+12
N.73575751D+12

1 Td SPECIES ON THE USERS GRID

3RID

0.86400000000C0000D+05

0.160000C0D+01

-0.854C0307D-27
-0.999206u2D-28
0.254550170-28
-0.33831253D-29
0.5956555CD0~-30
-0.18327663D-30

0.593U9396D+12
N.80945949D0+12
0.10299567D+ 13
C.97064057D+12
0.79147867D+12
0.7u202432D+12

1 TH SPECIES ON THE USERS GRID

2 TH SPECIES ON THE USERS GRID

0.63164705D-27
-0.936u273¢%p-28
0.16114147D-28
-0.23493493p-29
0.39816783p-130

0.305118170-27
€.8C5317710-28
-0.11931556D-28
0,22€6003970-29
~(.2949098CD-30
0.55062983D-31

1.v2511549p+ 12
0.10397651D+12
0.89644236D+12
0.7663CUHU9D+12
0.73577950D+12

0.63525382D0+ 12
0.92519017D+12
0.10357839D+13
0.89304437D+12
9.77032616D+12
0.74208049D+12

90¢



APFROXIMATE SOLUTION
0.1020675306413355D+13

APPROXIMATE SOLUTION
0.5930286868305982D+12

TOOT= 0.8640000000000000D+05 DELTA T = 0.8640000000000000D+05
ESTIMATED TIME ROR A CALL TO DRIVE 0.35000000D+02
TIME LEPFT 0.15560000D+05

#xx%%% NORMAL DUMP AT END OF TIMEX
I = 2 TOUT = 0.86423000000000000D+05

END OF CASE

L0¢



READING NAMFLIST

GRID
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To illustrate the use of the graphics programs for ITIME=T, we will pre-
sent plots using CSP, CPNT@R, and THREED. In the case of CSP, we present a
graph of each species on the same frame. At r = 30km, each species c1(z,t)
is, plotted as a function of t where t is evaluated at 2-hour intervals start-
ing at 6:00 AM for one 24-hour period. Note that the data points on the
graph are not connected with any type of curve. This is a limitation of the
present version of CSP. In the case of CONTPR, we present two contour plots
-- one for each species. The horizontal axis is time (0 < t < 86400 sec) and
the vertical axis is the spatial variable z (30 < z < 50). Note that the
contour heights for the second species are too large for the printing capa-
bility of BLACKBPX. Hence we have ** printed for the contour heights. In
the case of THREED we present two graphs -- one for each species. In each
case the independent variables are t and z (as in CPNTPR), and the dependent
variable is the species concentrations c1(z,t).

In the following we give the namelist data used for each of the three
graphics programs.

For CSP:
Namelist FPRMAT

1. Indicator for iterative or direct version.
ITRTV=0,

2. Number of curves produced
We want a time plot for each of two species.
IGNUM=2,

3. Logical indicator for time option.
ITIME=T,

4.  Number of time values.
There are 13 output time values.
NTIME=13,

Namelist CSPIN

1. Indicator for cinema mode.
ICN=0, (Default)

2. Indicator for grouping format.
We will put each curve on a separate axis; thus we want separate

format.
IFPRMT=0, (Default)
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3. Species number for each curve.
We will plot the first species on the first curve and the second

species on the second curve.
ISPEC=1,2,

4. Ordering of curves on frames.
LPRDER=1,2,

5. Frame number indicator.
Both curves will be plotted on the first frame.
LGRAUP=1,1,

6. Estimate of minimum value of the ordinates.
YAXMIN=0,0, (Default)

7. Estimate of maximum value of the ordinates.
YAXMAX=0,0, (Default)

8. Coordinates of the point at which the solution is evaluated.

A1=0.0,A2=0.0,
B1=30.0,B2=30.0,

For CANTOR:

Namelist FPRMAT is the same as in CSP. (We allow NRESIN to take on its
default value of the Macro variable NRESD=21.)

Namelist CNTRIN

1.  Species number for each frame.
ISPEC=1,2,

2. Coordinates of line to be used as the spatial variable.

RMIN=0.0,0.0, (Default)
RMAX=0.0,0.

ZMIN=30.0,3
IMAX=50.0,5

0,
0.0,
0.0,

For THREED:

Namelist FPRMAT is the same as in CSP. (We again allow NRESIN=NRESD,
its default value.)

Namelist DIM3IN

This namelist contains all the variables which appear in CNTRIN and

these values are unchanged. In addition, we need the following



variables.

1. Coordinates of the viewpoint.

RVIEW=-100.0,
ZVIEW=-100.0,
FVIEW=150.0,

2. Bounds on the function axis.
FMATMN=0.0, FMATMX=1.0, (Defaults)

The graphs are presented on the following pages.
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Figure 7.3.4
Time graph of the first species via THREED
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7.4 Cooling of a Sphere in a Well Stirred Fluid

This problem will illustrate the use of spherical geometry and the differ-
ential boundary condition version of the code.

Consider a homogeneous sphere initially at a uniform temperature T, which

in an

is immersed in a volume Vf of a well stirred fluid at a temperature T0

insulated tank. Let

ks ......... thermal conductivity of the sphere,
pSCpS ...... heat capacity of the sphere,
_ TS=TS(r t).temperature of the sphere,
Tf=Tf(t)...temperature of the fluid at the surface of the sphere,
A radius of the sphere,
VS ......... volume of the sphere.

Define the following dimensionless variables.

a. =k /p C

3 s/ Ps”ps
£ =r/R,
T = ast/Rz,
05 = og(e,) = (T-TO/(T,-T)),
o = (TyTe/(TyTo)-

For this problem, we will set TO = (0, then we have the following conduc-

tion problem.

30 36
s_ 13 ,2_°s
(7.4.1) ryaal . Y £ 3 ° 0<g<1
I8
(7.4.2) SET'(O,T) =0,
de
f 3 O
(7.4.3) 6,(1,7) = 6c(1) where -—= - ET( »T)
B = pf f/px ps s’
(7.4.4) es(g,o) =0 for 0<¢ <1, and
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Note that the boundary condition at ¢ = 1 can be written in the form

36, 3 aes
(7.4.5) 3T (1 1) = (1,1) .

This boundary condition is given in a time differential form; hence it
is natural to use the differential boundary condition version to solve this

problem.

This problem is selected from the text by Bird, Stewart, and Lightfoot,
Ref. (8], page 357; the same problem can also be found in Carslaw and Jaeger,
Ref. (5], page 205. The solution to this problem can be written in the

following form (with Ty = 0).

B (8%b7+3(2B+3)b+9] _
(7.4.6) e.(&1) = g3y 35 kz exp(-tby) 2,3 +9(B+1)b§ sin ¢ b, sin b,
(7.4.7)  8(r) = o5 + 68 ylexp (-<bZ) (b2B%+9(1+B) ] 7
where the bk are the non-zero roots of
(7.4.8) tan b = 3b/(3+Bb%) .

For this problem, we take
B=1/2,

and for this value of B, the first 15 non-zero roots are given in Table 7.4.1.

TABLE 7.4.1. First 15 Non-zero Roots

3.972021016717 6.938670961459 9.942061135575
12.98602738139 16.05806834831 19.148604 39986
22.25151701953 25.36296489242 28.48048660982
31.60245747142 34.72777199596 37.85565636325
40.98555486792 44.1170592249 47.24986331196




The roots shown in Table 7.4.1 were obtained by fixed point iteration on
Eq. (7.4.8), and they were also calculated using Newton iterations. When
these roots are used in (7.4.8), the residuals are less than 1.0-8 in all
cases. These roots were used in Eqs. (7.4.6) and (7.4.7), and for t > .04
the partial sums were unchanged in the first 10 significant digits when using
10 or 15 terms in these series. From these circumstances, we infer that the
first 15 terms will provide solutions accurate to at least eight significant
places when t© > 0.04.

For this problem we used the following input data in the namelists.

GRID

KR=6,KZ=1,
CONTR=5,

Here we are using a smooth quintic B-spline.

DELTA=2,
(Spherical geometry)
NQR=6,NQZ=1,
NMR=22,
RMESH = 0.1, 0.2, 0.3, 0.4, 0.45, 0.5, 0.55, 0.6, 0.65, 0.7, 0.725,
0.75, 0.775, 0.8, 0.825, 0.85, 0.875, 0.9, 0.925, 0.95,
0.975, 0.985,

Here we are using a non-uniform mesh since the temperature is initially
one at the surface (&=1) and zero for 0 < £ < 1. The temperature
profile will initially have a large gradient near £=1, and the gradient
will always be zero at &=0.

INITSW=F, GUESSW=F, STEDSW=F, TRANSW=T,
Since the initial temperature is zero inside the sphere and one at the
surface, the least squares fit, which INITSW=T, would provide would
generate a very poor fit to this data. For this reason, the initial
spline coefficients will be provided in namelist DATA.

IRGRD=6,
RGRID=0.2,0.4,0.6,0.8,0.9,1.0,
IANAL=T,

The series solution as given in Eqs. (7.4.6) and (7.4.7) will be pro-
vided in the user subroutine ANAL.

ALGBCS=F,
We are using the differential boundary condition option of the code.
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DATA
NS3(1)=1,
ALPHA(1,3)=1.0, BETA(1,3)=0.0, GAMMA(1,3)=1.0,
NUTQUT=6,
UTﬂUT=0.0,0.04,0.08,0.12,0.16,0.2,
W=27%0.0,

Here we are providing the initial spline coefficients. Recall that the
initial temperature is identically zero for 0 < £ < 1 and one for ¢=1.
From the properties of the B-splines (cf. section 2.2) we can infer that
if the dimension of the problem is N (the number of basis functions),
then the initial spline coefficients W will satisfy

W(j) =0 for 1< J <N-1, and
W(N) = 1.

Since the default value for the initial spline coefficients is one,
setting W=27*0.0, will provide this initial distribution for the spline

coefficients. Of course, there is the problem of determining that N=28
for this problem. Recall from section 2 that for a one-dimensional
problem in r

N = Nr = KR+NMR: (KR-C@NTR).
For this problem KR=6, NMR=22, and CONTR=KR-1=5; hence N=28.

EPS=1.D-6, HINIT=1.0-8,
GRAPH=T,

The user routines for this problem are characterized as follows.

RHOCP
RC=1.D0

DIFUSE

DIFUR=1.D0
DIFUZ=0.D0

VEL

VELR=0.D0
VELZ=0.D0

EXTSRC
VV=0.D0

FDEXTU
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BRHADT
As mentioned before, the boundary conditions for this problem
are presented in differential form; hence we use the differ-
ential boundary condition option. This implies that we use
subroutine BRH@DT rather than BRHP. In BRH@DT, we return
time differentiated boundary values on sides that have essential
boundary conditions (where 8=0), and we return undifferentiated
boundary values on sides that haveagon-essentia] boundary con-

ditions. In this problem we have —3 =0 on side 1; this is a

.13
non-essential boundary condition, hence weageturn RHQX;O.DO on
side 1. On side 3, we have 0 = O¢ where 5;§-= -3/8 EEE“ This
is an essential boundary condition; hence we return the time

derivative of es on side 3, that is
RHOV = -3.DO*SPDENX(1)/B .

ANAL
In this routine we implement the series solutions given in
Eqs. (7.4.6) and (7.4.7) using the 15 non-zero roots given in
Table 7.4.1. For very small values of - (in particular for
T = 0) these series are very slowly converging, and 15 terms
is not adequate to obtain a reasonable solution. For t > 0.04,
15 terms is wore than adequate to obtain eight significant
digits of accuracy in these series solutions.

In all these sample problems, we have used NQR=KR and NQZ=KZ. This is
not necessarily the optimal choice; however, we have used these values to
insure that errors in the approximation were due solely to the spatial
approximation. This is also why we have used rather tight convergence cri-
teria (EPS) in the ODE solver. In Table 7.4.2 we show the effect of varying
the quadrature order for the case of a cubic B-spline approximation to this
problem.

Using KR=4 (cubic B-splines) we ran this problem with NQR=3,4,6. Table
7.4.2 presents the solution values at t = 0.04 and £ = 0.1 and ¢ = 1.0.
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TABLE 7.4.2. Effect of Quadrature Order on Approximation Error

- = CPU
NQR ¢=01 ¢ 1.0 time(sec)
3 0.016126856864 0.4516148560 36
0.01612406559 0.4515455554 40
0.01612406537 0.4515455545 43
| gg;li?on 0.0158142829 0.44352229025

The data shows that for this problem the choice NQR = KR-1 = 3 is the
optimal choice. This is in agreement with the discussion for elliptic
problems in [4]). Although the CPU times are not drastically different, it
should be remembered that for two-dimensional problems the effect of using
(k-1)°
effect on the running time.

points per rectangle rather than K2 points will have a significant



STORAGE MAXIMA POR THIS COMPILATION :
MAXBRK 30

MAXSP 6
MAXTQD 6
MAXK 6
MXNRNZ 100
MXNVAR 300
MAXNOT u0
MYRGRD 20
MXZGRD 20

€22



FFADING NAMELIST

NMR = 2
IRITIA

GBOMETRY INCICATOR

KZ =
0 NTIZ
1
0.0
c.n
2 NMZ
L CONTR

GRID

RUP
e

INITIAL CONTZ
2

ADDITIONAL NON-INTERPAC® R MESH POINTS

I = 1 FMESH(I) = 0.10000920020000070D+G0
I = 2 BPMFSH(IV = 2.2000020000000000D+00
I = 3 RMESH(I) = 0.3000000000000000D+00
I = 4 FMESH(I) = 0.4000000000000000D+09
I = S5 EMPSH(I) = r.4509600000000000D+00
T = 6 PMESH(I) = €¢.5009020009020000D+09
I = 7 RHMFSH(I) = n.5500520720CJ0000D+00
I = 8 FPESH(I) = 0.56007000020000000D+00
T = 9 FMESH(I) = 0.6505000000000000D+00
I = 10 BMPSH(I) = ©.7000020000000000D+00
I = 11 BMESH(I) = r.7252000000000000D+00
I = 12 BMESH(I) = 7.7509000000000000D+00
I = 13 RMPSH(IY = 2.775000000000000CD+20
I = 14 FMESH(I) = 0.80000000000000000+00
I = 15 RMPSH(I) = ".82500000900000200+00
I = 16 RHMESH(I) = ©.8500000000C00000D+00
I = 17 RMFPSH(I} = €.8752000930030000D0+%0
T = 18 RNFSH(I) = £.900000€2000000000+00
I = 19 RMPSH(T) = 0.9250000000600000D+00
I = 20 F8RSH(TY = 0.95%0000000000000D+00
I = 21 FMESH(I) = €.975%00C200000000D+00
I = 22 FHFSH(I) = €.9850000000000000D+00
HO ADDITTIONAL NON-INTERPACE Z MESH POINTS
ONADBATURE CRD®R FOR F DIRECTION 6
OUADRATORPE ORDER POR 7 DIRECTION 1
MATEPIAL TABLE IS GIVEN AS MATL(RINDEX,ZINDEX)
MATEBTAL TABLE FOR 7INDEX = 1

1
COBSRYV= F
ALGRCS= F
LOGICAL SWITCHRS TO CCNTROL PROGRAM
STEDSW = P GUFSSW = F TFANSd =
ISTDPS = F ITRARS = F IANAL =
pUNPSW = P

IPEVLA({ 1) = F

OFDER OF SPLINE DEFIVATIVES COMPUTED IS O

SOMBER
BGRTD(
PGFID(
RGRID(
PGPID(
RGP ID(
BGRID(
NUMBEFR
ZGPID(

PEADING NAMELIST

OF USER <OPPLTED POINTS IN R DIKECTION
n.2€0000900+400
0.40000000D+00
n.6770007CD+00
0.A0C00000D+09
0.920000000+00
0.100020000D+01
USPFR SOPPLTED POINTS IN Z DIRECTION
N.5001710000400

" =
2) =
3} =
4y =
gy =
6) =
oF
19 =

DATA

13

6

1

0.1000C2C002C00900D+ 01
0.1000000072007000D+01

INITSW = P
T

vee



CONTR TOO HIGH, BEING RESET TO

CONTZ TOO HIGH, BEING

z
-
Q
>
o
"

-
(a4
P
-t
-
[}

7 8 9 10

JRFF(I) = 1
MLTAB( 1, 1)
MLTAB( 2, 1)
MLTAB( 3, 1)
MLTAB( 4, 1
MLTAB( S, 1
MLTAB( 6, 1)
MLTAB( 7, M
MLTAB( 8, 1)
MLTAB( 9, 1)
MLTAB (10,

NLTAB(11, 1)
MLTAB (12, 1)
MLTAB (13, 1)
MLTAB(14, 1)
MLTAB (15, 1)
MLTAB(16, 1)
MLTAB (17, 1)
MLTAB(18, 1)
MLTAR (15, 1)
MLTAB (20, 1)
MLTAB(21, 1)
MLTAB (22, 1)
MLTAB(23, 1)

LI T | I (T T | T I VT T O O VI (R IO 1}
O b b b ok b b b b b bk b b o b b a

HOFTZONTAL ORDERING

¢ NHGAD = 0

112

NIH= 1 NJH= 28

SYSTEM SIZE FOR THIS CASE

Le = 23 LZ =
¥R = 28 NZ =
NVAER = 28

THIS IS THE DIRECT

1
1

VERSION

RESET TO

13

LR

14

NCC=

NCCH=

=29

-28

MBW=

b4

25

26

27

28

G2¢e



THIS VERSION DOES NOT PEQUIRE BOUNDARY CONDITIONS ON EVERY SIDE
FOR SPECIES NO. 1

SIDE 1 ALPHA = 2.0 BETA = =-0.16000000D+0" GAMMA = 0.0
SIDE 2 ALPHA = 2.0 BETA = -0.10000000D+01 GAMMA = 0.0
SIDE 3 ALPHA = 0.10000000D+01 BETA = 0.0 GAMMA = 0.10C20000D+01
SIDF 4 ALPHA = 2.0 BETA = N.10000000D+C1 GAMMA = 0.0
SIDE INDICATORS BY SPECIES
FOP SPECIBS NO. 1 NS1= 0 NS2= O NS3= 1 NS4= 9
BOUNDARY H PUNCTION FOE SIDES 1 AND 3
SPECIES NO. 1 MATERIAL INDEX 1 HU1 = 0.19000000C00000C0D+01 HO3 = 0.1070CC0H0CCCCOCSOD+01
BOUNDARY H FPUNCTION PCPR SIDES 2 AND 4
SPECIES NO. 1 MATERIAL INDEX 1 HU2 = 0.1000000000000000D+ "1 BUU = 0.1000€C000C000000N+01
REACTION FATES
PIRST OKDER RATES
CX INTO 1 PROM 1 IS 0.0
SECONC ORDER REACTION RATES ARE
CKK INTO K = 1 POR KP = 1 INTO KPP = 1 CKK( 1, 1, 1\ = 0.9

ISTNDFQ = 100
TIME AND SPACF GRID FOR PRODOT

NUMBER OF MAJOR TIMR VALUEBS 6

NUMBER OF STBINTERVALS OF EACH MAJOR TIME INTERVAL 1

(OUTPUT WILL OCCUR AT EACH SUCH TIME)

MAJOR TIME VALODES
0.0 0.4000000200000009D-01 0.80000€090€000000D-01 0.12000000000000000D+00
0.1600000000700000D+00 0.27000000000900000+00

DATASET CREATZD POR NSE IN GRAPHICS

GRAFH = T
PRINT SWITCH INDICATOFRS
IPRSW1 = 0 IPRSW2 = 0 IPRSW3 = 0 TPRSWYU = N IPRSWS = 0
ODE PACKAGE DATA
EPS = 0.1000000070000000D0-05 HINIT = 0.10000000000002000-07 4F = 21 MXGORD = S
CONTINOITY FOR R AND Z DIRECTIONS MAY HAVE BEEN RESET
CONTR = S CcOoNTZ = 0

DEPAOLT INITIAL COEPPICIENTS

000300000000000D+01

9¢¢



READING NAMELIST NATA

CHANGES TIN NAMFLIST naTa MAY UAW~ - - 4417 45 TRANSIENT

POR SPECIES NO. 1

SIDE 1 ALPHA = 0.0 BETA = =-0.17000000D+01 GAMMA = 0.9

SIDE 2 ALPHA = 0.0 BETA = -0.100¢0000C+01 GAMMA = 0.0

SIDE 3 ALPHA = 0.10900009D+01 BETA = 0.C GAMMA = 0.10000C30D+C1

SIDE 4 ALPHA = 0.1 BETA = 0.10000000L0+01 GAMMA = 0.2

SIDE INDICATORS BY SPECIES

FOP SPECIES NO. 1 NS1= 0 NS2= 0 NS3= 1 NSu= 0
BOUNDARY H FUNCTION FOR SIDES 1 AND 3
SPECIES NO. 1 MATERIAL INDEX 1 HU1 = 0.10000000C0000C02D+01 HI3 = 0.1003C00000000000D+01
BOUNDARY H FOUNCTION FOR SIDES 2 AND 4

SPECIES NO. 1 MATERIAL INDEX 1 HU2 = 0.12200000000000C0D+ 21 HOW = 0.10200000000C0C00D+01
REACTION RATES

FIRST ORDER RATES

CK INTO 1 FROM 1 IS 0.0

SECOND ORDER REACTION RATES ARE

CKK INTO K = 1 FOR KP = 1 INTO KPP = 1 CKK( 1, 1, Iy = 2.0

ISTDFO = 100
TIME AND SPACE GRID FOR PROUT

NUMBER OF MAJGF TIME VALUES 6

NUMBER OF SUBINTERVALS OF EACH MAJOR TIME INTERVAL 1

(OUTPUT WILL OCCUFR AT FACH SUCH TINF)

MAJOR TIME VALUES ’
0.0 0.40060906000000300D~01 0.86000CC0000000200-21 N.1200000G3CCCCCOCD+0D
0.1€00C0000CN00000D+0) 0.2000000060090000D+0C

DATASET CREATED POR US®P IN GRAPHICS

GRAPH = T
PRINT SWITCK INDICATORS
TPRSW1 = ¢ IPRSW2 = 0 IPRSWI = 0 IPESWU = 0 IPRSWS = 1
ODE PACKAGE DA™A
BPS = 0.1070000000000000D-05 HINIT = ¢.1000000000C00000D-07 MF = 21 MXGCEL = 5
CONTINUITY FOR R AND 7 DIRRCTIONS
CONTR = 5 CONTZ = 0

INITIAL COEFFICIENTS FOP TRANSIENT

0.0 0.0 c.0 0.0
0.0 0.0 0.) 2.0
0.0 0.0 .0 0.2
0.0 0.0 0.9 0.0
0.0 0.0 g." 0.0
0.0 0.0 c. c.n
0.0 0.9 c.n "o

000090000000000D+01

IRA4



BEGIN TRANSIENT SOLUTION

PROOT FOR TIMR = 0.0
W =
0.0
0.0
0.0
0.0
n.0
VALOES OF CONCENTRATINNS

(PROM PROUT VIA TINEX )
APPFOXIMATE SOLUTION

0.0
0.10000000000000000+01
ANALYTIC SOLN.
0.3628622427957043D-N1
0.9222987265908287D+90
MAXINTM ERFOR ON GRID IS
TOOT= 0.9

PROUT PCP TIME =

¥ =
0.,77644322D-02
0.435415720-01
0.,218998060D+90
0.3567623AfD+00
C.4u18827004+00
VALUES OF CONCENTRATIONS
(PROM PROUT VIA TIMEX )

APPROXIMATE SOLUTION
0.1604262139991134D-01
0.449653288C204012D+00

ANALYTIC SOLN.
0.1581428292838C€390-01
0.4435222902504340Nn+00

MAXINNN BRBROR ON SRID IS
TOUT=

ESTINATED TIN® POR A CALL
TINE LEFT

PROUT FOP TINP =

s
0.10065%2D+N0
0.163331270+400
0.29211578Dp+00
0.35448903D+20
0.387005220+00
YALUES OF CONCENTRATIONS
(PROM PROUT VIA TINEX )

F THE

0.9

-0.4014236151701241D-01

n.794331550- 01

0.40000000D~-01

9.77643167D-02
0.673257u8D-01
0.24807101D+00
7.37595184D+00
0.44631052D+00
U OF THE

0.5474224733076271D-01

9.53976931163377430-01

0.61309978D-02
0.40000000002300C0D-01

DELTA

TO DRIVE

0.16911300D+ 0%

0.800200000-01

0.100650400+00
3.188835820+00
0.30665237D+00
0.362106820400
0.38863099D+00
U OF THE

1 TH SPEC

HoQoOo®©

nooooo

0.0

0.81191808D-0C2
0.94503114D-21
0.27348497D+00
0.3939R12uD+CC
0.44842282D+00

ON THE USERS GRI

C.49649086R9397154D-01

C.15317941715773830400

.C
.0
.0
.0

1

0000000D+04

0
0
0
0
0
D

0.0

0.971585590-02
0.12196681D+00
0.2947673uD+00
N.819615770+00
0.u8965329D+30

1 TH SPECIES ON THE USERS GFRID

£.1553235982774C290+00 n,

0.4000€000000000090-01

9.223000C0D+04

0.10160382D+C0
0.212903430+400
0.31866590D+00
0.369092u3D+00
0.38940630D+02

1" TH SPECIES ON THF USERS

0.17539373D+00
N.23381385D¢00
0,328315290+90
9.37540738D+00
0.,33935795D+00

3PID

-0.79433154509425720-01

0.16324398D-01
0.15u23085D+00
0.3159112€D+00
0.423839370+00

2158 131229674054D+00

0.3114879115746942D0+00

09.117318000+00
0.255431260+00
€.3375uC820+ 00
0.389346380+30

82¢

0.0

~0.1639u4589560u46248D-01

0.25643782D-01
0.18721603D+00
0.33666278D+00
0.43464191D+00

n.3936327054263891D+00

0.3882562087821096D+00

0.13851348D+00
0.27499878D+00
0.30628367D+00
0.38434194D+00



APPEOXIMATE cnLn™Toy
0.119A31u1n0Qar1acr,
0.3898579466767527D+N0

ANALYTIC SOLN.
0.117982220259813aD+0)
C.3845349€88526385D+00

MAXINMUM ERROP CN GRID IS
TOUT= 0.8000057000000000D0~01 DELTA

ESTIMATED TIME ¥OP A CALL TO DRIVE
TIME LEFT 0,16674000D+05

PEOUT FPOR TIMF = 9.12000000D+00
W =
N.20087741D+00
0.24274138D+07
0.31596457D+00

0.20087739D+00
0.25832591D+00
0.32349018D+00
0.34748985D+09 0.35121011D+00
0.36321032D+0?2 0.36398786D+00
VALUES OF CONCENTRATIONS U OF THE
(FROM PROUT VIA TIM®YX )

APPROXIMATE SOLOUTION
0.21405662463082130+70
0.36u5745727106807D+00

ANALYTIC SOLN,
0.21112335%2251916D+0)
0.3595946C81R11449D+00

MAXIMTM FRRCP CN GRID IS
TOU™= 0.120000000C009000D+00 DELTA

ESTIMATED TIME FO® % CALL TO DRIVE
TIME LFFT 0.14547000D+05

PFOUT FOR TIME = 0.16000000D+00

W=
0.26341068D+09
€.28696889D+00
0.326601C0D+9N

0.26341067D+00
0.29555614D+00
0.33057313D+00
C.34313008D+00 0.345061630+00
0.351268640+00 0.35166997D+00
VALUES OF CONCENTRATIONS U OF THE
(FROM PROTT VIA TTMEX )

APPROXIMATE SOLTTION
0.2708917563317534D+090
0.3519728669533007D+900

ANALYTIC SOLN,
0.2671846397385692D+00
N.3471639976483230D+09

MAXINMNOM EFROE ON GRID IS
TOUT= 0.1600002070000000D+00 DELTA

ESTIMATED TIME FOR A CALL TO DRIVE
TIME LEFT 0.16392000D+05

21 744473050191643D+00C

0.1722877060870651D+00

J.2496016417181893D+00

0.2461333001422379D+0C

0.2907383433043359D+0C

0.286760557563u515D+00

0.2554620235054770D+00

0.2519620574092851D+00

0.53229578D-02

T = 0.4000000000260070D-21

0.23600000D+03

0.2015533uD4+C0
0.27242131D+00
0.329624u9D+CO
0.35459990D+00
0.36U35861D+ (1

0.296329582778113u4D+00

0.29227499382920un+00

0.49799645D-02

T = 0.3999999999999999D-01

0.12700000D+02

0.26379612D+CC
0.30324980D+0)
0.33379856D+ (0
0.3468R1836D+00
0.35186133D+0)

C.31614033C79R85439D+90

C.31181F9842213935n+00

0.48088093D-92
I = 0.40CC0C000CICOGO1D-D1

0.15500000D+03

0.22459498D+00
0.28441242Dp+00
N.33459%0u6D+900
2.35764770D+00
0.36457457D+00
1 TH SPECIES CN THE USFRS GRID

N.25553061D+00
0.37974522n+00
(.33635486D+00
2.34R3954G0D+NC
N1.35197281D+00
1 TH SPECIES ON THE USERS GRID

7.33742€1818108623D+00

0.332807173781u856D+00

€.2126C3730+ 00
0.296395CCD+00
0.33911715D+00
0.36Cr21C3D+02

7.339047C3711016090+00

0.33441250€225C3990+090

€.27CC862uD+CO
N.31€1€7C4D+ 10
0.33376861D+90
€.345621910+00

7. 23R7305195100299D+99

0.3341(CB376133969D+70

0.3689243227131347D+0C

0.3638853033719295D+00

0.22685830D+00
0.30694360D+00
0.34305331Dp+00
0.36193592D+00

0.3545144271750798D+00

0.3496703268585085D+00

0.27811972D+00
0.32181629D+00
0.34102992D+00
0.35061078D+00

C.3467734494822907D+00

0.3420350294256288D+00

622



PROUOT FOR TINE = 0.23000000D+ 09
8 =
0.29805915D+92) 0.29835914D+00 0.2982679%4D+00 0.29920778D+00 0.30167454D+00 0.30601416D+00
0.3107802up+ 00 0.31539188D+00 0.31951332D+00 0.32298580D0+00 0.32642253D+00 0.32941992D+00
0,33196329p+0N 0.33407188D+00 0.3357€228D+00 0.33713675D0+00 0.33841471D+00 0.339611110+00
0.34072152D+00 J.3417u218D+00 0.34266599D+00 7.34357250D+00 C.34414974D+ 00 0.34U467144D+00
0.34501846D+00 0.34523015D+00 €.345331C9p+C0 0.3u4538989D+00

VALUES OF CONCENTRATIONS U OF THE 1 TH SPECIES ON THE OUSERS GRID
(FPROM PROUT VTIA TTMEYX )

APPROXTIMATE SOLMU™ION

0.3021€78303397578D+"9) 3.3128030592022382D+00 €.32639604060076)3D+00 N.338394324733C5220+00 0.3426461710595700D+00
0.3453898852544678D+00
ANALYTIC SOLN.

0.2979758865342788D+00 0.3085256858877u79D+00 0.32193401202635910+00 0.33376975389267480+00 0.3379642301802667D+030
0.34067100752019700+00

MAXIMUM ERROR ON GRID IS 2.47188777D-22

TOUT= 0.20000000000000C0D+00 DELTA T = 0.3939999999999399D-21
ESTINATED TIME FQP A CALL TO DRIVE 0.30800000D+03
TIME LEFT 0.1A084009D+05

ssxs%s NORMAL DUMP AT FND OF TIMEX
I = A TOUT = 0.2302000000C00CCCD+CO

END OF CASE

0€d



READING NAMELTST

SPID

1ee
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7.5 Heat Conduction with Chemical Heat Source

This problem involves a simple model for a fixed-bed flow reactor. The
problem will illustrate the use of interface conditions and the use of material

tables. This problem is taken from [8] where a solution to the problem is

also given.

The reactor extends from Z = -» to Z = +~ and is divided into three
zones with the central zone (0 < z < L) being the reaction zone. Radial
velocity gradients are neglected and the walls are well insulated so that the
temperature is independent of the radial coordinate r. The task is to find
the steady-state axial temperature distribution T(z) when the fluid enters at
z = -« with a uniform temperature T1 and are average linear velocity without
packing of vy © w/nRZp1 where R is the radius of the reactor and Py is the
fluid density. The volume rate of thermal energy production by chemical
reactions SC is assumed to be of the form

0
c cl 0
T, - T
1
where TO and Scl are given constants.

The governing equations are as follows.

2
dT d T
p,v.C ===k =— for z <0,
1'17°p dz dZZ
(751) p,v,C d_T"kdzT+S /\T—TO fo 0 L
U - ) r < Z < .
1% dz = ¢ 2 Cl\Tl 0
e oy &1
pllpdz > or L <z .
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The following boundary and interface conditions are used.

1
T(07) = T(0")
dT dT
k — = k —
dz 0 dz 0+
- +
(7.5.2) T(L ) = T(L)
dT dT
k —_ = k =
dT _ _
iz 0 at z = +o

In [8] the solution to this problem is given in terms of dimensionless
variables. Thus

_ 40 10 -
z/L, 8 = (T-T )/(T1 T7), B p1v1CpL/k, and

Y
1]

i} 10
Fre S L/pv Co(Ty=T0).

The governing equations are then of the following form:

2
do _1d78
z
do _ 1 d%
(7.5.3) —===—5+6F for 0<¢g <1,
dz B q 2 :
C
2
de 1 d°e
— === for 1 < .
dz B ch .

The boundary conditions and interface conditions have the form:
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+
8(07) = 6(0 )
lde| _1de
B dC O- B dC O+
- +
(7.5.4) 6(17) = o(1)
1do| . lde
ge_: = 4w
ac 0 at ¢

The solution, from [8], is then given by the following expressions.

Let
n, = 7 B(1 - /I - 4F/B)
m, = 7 8(1 + /1 - 4F/B)
Assume that 1 - 4F/B > 0 and set
E = miexp(ma) - mgexp(m3), then
(6(g) = 1+ %[m3m4(exp( my)-exp(m,))lexp [(mytm, )] for ¢ < 0,
(7.5.5) | o(c) = %I:m exp(my+m.c) - m3exp(m3+m4g)](m +my) for 0 < ¢ < 1,
6(z) = l( Z g)exp(m3+m4) for 1 < t.

This problem was run with B=8 and F=-1, and the following data was used
in the namelists.

Grid
KR=1,KZ=4,
Since the problem is one dimensional and presented as a problem in
Z, we use this coordinate.
NTIZ=2,

This is the number of interfaces for this problem.



IFTYPZ=1,1,
This vector indicates that the two interfaces are of type 1; that
is, we require that the approximation be continuous at these inter-
faces. For this particular problem the diffusivity is the same in
each of the three sections; thus the solution given in Eq. (7.5.5)
has continuous first derivative at these interfaces. Using inter-
faces, our approximations will not have a continuous first deriva-
tive at these interfaces; although the discrepancy will tend to zero
as the mesh or spline order is increased. If we had wished to use
splines with continuous first derivatives at these interfaces, we
would have avoided using interfaces (i.e. we would have set
NTIZ=0,) and instead we would have used the variable continuity
index INUZ to specify the continuity desired at those interfaces.
However, in this problem we wish to illustrate the use of material
regions and interfaces.

Z1F=0.0,1.0,
These are the coordinates of the interfaces.

ILPW=-2.0,
At z=-2, the analytic solution is equal to 1 to 7 decimal places;
hence the error due to the position of the boundary should not
contaminate the apnroximation error.

ZUP=1.2,
Since the solution is flat in the interval [1,~) this choice is
appropriate. Thus for numerical purposes, the reactor is in the
interval [-2,1.2].

NMZ=11,

IMESH=-1.5,-1.0,-0.8,-0.6,-0.4,-0.2,0.2,0.4,0.6,0.8,1.1,
Note that these additional mesh points do not include the interface
points. Thus the total number of mesh points will be 13.

NQR=1,NQZ=4,

MATL(1,1)=1, MATL(1,2)=2, MATL(1,3)=3,
Here we assign material indices to each of the three sections.
Material #1 is assigned to the interval [-2.0,0), material #2 is
assigned to (0,1), and material #3 is assigned to (1.0,1.2). Recall
that the vector ZIF subdivided the interval [-2.0,1.2] into three

235
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INITSW=T, GUESSW=F, STEDSW=T, TRANSW=F,

ISTDFQ=100, . .
This is a steady-state calculation, so we are only interested in

the final solution. However, ISTDFQ=100, means that we will get
output every 100 time steps. This is useful as a check on how the
calculation is proceeding. When the problem finishes, i.e. when a
steady-state has been reached, the program will produce the printed
output regardless of the value of ISTDFQ. Thus we could have set
it to 1,000 or some large number in order to suppress the inter-

mediate output.
JZGRD=6,

ZGRID=-0.3,0.0,0.2,0.6,1.0,1.1,
Here we are asking for output at these six locations.

IANAL=T,
We have an analytic solution for this problem so we will provide

this solution.

Namelist DATA

NS2(1)=1,
The boundary conditions on sides 1, 3, and 4 are non-essential
which is the default value.

ALPHA(1,2)=1.0, BETA(1,2)=0.0, GAMMA(1,2)=1.0,
EPS=1.D-5, HINIT=1.D-5,
GRAPH=T,

This completes the input for the namelists. The user-supplied subrou-
tines used the following data.

RHPCP
RC=1.D0

DIFUSE

DIFUR=0.DO0
DIFUZ=1.D0/8.D0

VEL

VELR=0.D0
VELZ=1.D0
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EXTSRC
Recall that only the central section has a non-zero source. This
central section had material index 2; so we can use this material
index in this routine.
Vv=0.D0
IF(IMATL .EQ. 2) VV=-SPDEN(1)

FDEXTU
The source is non-zero only in the central sections where it is
equal to -SPDEN(1). Thus UU(1), UUR(1), and UUZ(1) are zero except
in the central section where we use:

IF(IMATL .EQ. 2) UU(1)=-1.D0

INDATA
Any reasonable estimate will do; here we use
Uu=1.D0

The boundary conditions are taken as 6(-2)=1 and 6'(1.2)=0. From
Eq. (7.5.5), we see that the solution is constant for z > 1; hence
the choice ZUP=1.2 is reasonable and leads to no errors in the
approximation. The choice of ZLPW=-2 as an approximation to -«
does lead to an error in the approximation; however, the solution
at z = -2 is equal to 1 to 7 decimal places; hence we do not expect
this choice for ZLPW to cause any significant error. Thus on side

2 we use:
RHPV=1.DO
and on side 4 we use
RHAV=0.DO
ANAL

In this routine we implement Eq. (7.5.5).

The printed output corresponding to this data is given on the following
pages. In addition, for this problem we also give some indication of the
effect of spline order and mesh size on the approximation error. For a fixed
mesh size NMZ=11 we used splines of order 2, 3, and 4. Also for a spline
order of 4 we halved the mesh size (NMZ=21) in the interval [-1.0,1.0]. We
sampled the maximum error over the points -0.3, 0.0, 0.2, 0.6, 1.0, and 1.1;
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In the following table we give

in all cases the maximum error was at -0.3.
= 0.2, and the maximum error

the error at the first interface 0.0, at z

(which occurred at z = -0.3).

TABLE 7.5.1. Approximation Errors

z=20 ;= 0.2 Max. Error
KZ (interface) ) (z = -0.3)
2 2194.65 1892.3 2793.09
3 0.795 32.92 765.938
4 1.609 12.28 30.767
4 0.485 0.551 3.527
NMZ=21 : : -

In considering this data we must bear in mind that the time integration
error control parameter (EPS) was only 1.D-5 for these runs; thus there could
be some contamination in the results for k=4. In addition, the fact that the
maximum error was always at -0.3 may indicate that the position of the mesh
in the first section is contributing to the error. (Recall that we have used
z = -2.0,-1.5,-1.0,... as mesh points, and the solution at z = -1.0 is 1 to 3
decimal places; thus these mesh positions may be contaminating the error when
k =4.) In any case the results show substantial reductions in the error at
least from k = 2 to k = 3, and for k = 4 we see a behavior of ¢ = 0(h4) when
refining the mesh.



STORAGE
MAXBRK
MAXSFE
MAXTQD
MAXK
NXNENZ
EXNVAR
MAXNOT
MXRGRD
MXZGRD

MAXIMA FOR THIS COMPILATION :
30
6
6
6
100
350
40
20
20
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READING NAMELIST GRID

KR = 1 KZ = 4
NTIR = O NTIZ = 2
NSPEC = 1
RLOW = 0.0 RUP = 0.1000000000000000D+C1
Z1L0W = -0.2000000000000000D+0C1 Zyp = 0.1200000000000000D+01
NMR = 0 NMzZ = 11
INITIAL CCNTR = 13 INITIAL CONTZ = 13
GEOBMETRY INCICATOR = O
INTERFACE Z-DIRECTION MESH POINTS
I = 1 IPTYPZ (I) = 1 ZIF(I) = 0.0
I = 2 IFTYPZ (I) = 1 ZIF(I) = 0.1000000000000000D+01

NO ADDITIONAL NON-INTERFACE R MESH POINTS
ADDITIONAL NON-INTERFACE Z MESH POINTS

I = 1 ZMESH(I) = -0.1500000000000000D+01
I = 2 ZMESH(I) = =-0.1000000000000000D+01
I = 3 ZMESH(I) = -0.8000000000000000D+00
I = 4 ZMESH(I) = -0.6000000000000000D+00
I = 5 ZMESH(I) = -0.4000000000000000D+00
I = 6 ZMESH(I) = -0.2000000000000000D+00
I = 7 ZMESH(I) = 0.20000000000000000+00
I = 8 ZNESH(I) = 0.40000000C0000000D+00
I = 9 ZMESH(I) = 0.60000000C0000000D+00
I = 10 ZMESH(I) = 0.8000000000000000D+00
I = 11 ZRESH(I) = 0.11000000C000C000D+01
QUADRATURE CRDER POR R DIRECTION 1
QUADRATURE ORCER POF Z DIRECTION 4
MATERIAL TABLE IS GIVEN AS MATL (RINDEX,ZINDEX)
MATERIAL TABLE POR ZINDEX = 3
3
MATERIAL TABLE FOR ZINDEX = 2
2
BATERIAL TABLE POR ZINDEX = 1
1
CONSRV= P
ALGBCS= 1T
LOGICAL SWITCHES TO CONTROL PROGRAM
STEDSW = 1 GUESSH = P TRANSW = P INITSW = 1T
ISTDRS = F ITRARS = F IANAL = T
DUMPSW = F
IREVLA( 1) = F

ORDER OP SELINE DERIVATIVES COMPUTED IS O
NUNBER OF USER SUPPLIED POINTS IN R DIRECTION 1
RGRID( 1) = 0.5000000CD+0C

BUBBER OF USEE SUPPLIED POINTS IN 2 DIRECTION 6

ZGRID( W) = -0.30000000D+00
ZGRID ( 2) = 0.0

ZGRID( 3) = 0.20000000D+0C
2ZGRID( 4) = 0.60000000D+00
ZGRID( 5) = 0.10000000D+01
ZGRID( 6) = 0.11000000D+401

READING NAPMELIST LATA

CONTR TOO HIGH, BRING RESET TO -1

Ot



CONTZ TOO HIGH, BEING RESET TO 4-1

NVGAP = 0 NHGAP = 0 LR = 1 Lz = 14 NR = 1
IL(I) =
1
JL(J) =
4 5 6 7 8 9 10 13 1w 15 16 17 20 21
IREF(I) =
1
JREF(3) = 1 1 1 1 1 1 1 2 2 2
2 2 3 3
MLTAB( 1, 1) = 1
MLTAB( 1, 2) = 1
MLTAB( 1, 3) = 1
MLTAB( 1, 4) = 1
MLTAB( 1, 5) = 1
MLTAB( 1, 6) = 1
MLTAB( 1, 7) = 1
WLTAB( 1, 8) = 2
MLTAB( 1, 9) = 2
MLTAB( 1,10) = 2
BLTAB( 1,11) = 2
MLTAB( 1,12) = 2
MLTAB( 1,13) = 3
MLTAB( 1,14) = 3

HORIZONTAL CRDERING

NI= 1 NJ= 1 NCC= -2 MBW= 3

NIH= 1 NJH= 1 NCCH= -1 DM= 3

SYSTEM SIZE FOR THIS CASE

LR = 1 Lz = 14
NR = 1 NZ = 21
NVAR = 21

THIS IS THE DIRECT VERSION

THIS VERSION DOES NOT REQUIRE PBOUNDARY CONDITIONS ON EVERY SIDE
FOR SPECIES NO. 1

SIDE 1 ALPHA = 0.0 BETA = =-0.10000000D+01
SIDE 2 AIPHA = 0.10000000D+01 BETA = 0.0

SIDE 3 ALPHA = 0.0 BETA = 0.10000000D+01
SIDE 4 ALPHA = 0.0 BETA = 0.10000000D+01
SIDE INDICATORS BY SPECIES

FOR SPECIES NC. 1 NS1= 0 NS2= 1 NS3= 0 NSy=

BOUNDARY H FUNCTION FOR SIDES 1 AND 3

GAMMA
GAMMB
GAMMA
GAMMA

0050000D+01

(o RoNoNel
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SPECIES NG. 1 MATERIAL INDEX 1 HU1 = 0.1000000000000000D+01 HU3 =
SPECIES NO. 1 MATERIAL INDEX 2 HU1 = 0.1000000000000000D+01 HU3 =
SPECIES NO. 1 MATERIAL INDEX 3 HU1 = 0.1000000000000000D+01 HU3 =
BOUNDARY H FUNCTION FOR SIDES 2 AND 4
SPECIES NO. 1 MATERIAL INDEX 1 HUZ = 0.1000000000000000D+01 HU4 =
FCR SPECIES 1 INTERFACES 1 1 HHGAP = 0.0
FCR SPECIES 1 INTERFACES 2 1 HHGAP = 0.0
REACTION RATES
FIRST ORDER RATES
CK INTO 1 FROM 1 IS 0.0
SECCND ORDER REACTION RATES ARE
CKK INTO K = 1 FOR KP = 1 INTO KPP = 1 CKK( 1, 1, 1) 0.0
ISTDFQ = 1C0
TIME AND SFACE GRID FOR PROUT
NUHMBER OF MAJOR TIME VALUES 6
NUMBER OF SUBINTERVALS OF EACH MAJOF TIME INTERVAL 1
(OUTPUT WILL OCCUR AT EACH SUCH TINMF)
MAJOR TIME VALUES
0.0 0.4€00000000000000D-01 0.8000000000000000D-01
0.1600000000000000D+00 0.2000000000000000D+00
DATASET CREATED FOR USE IN GRAPHICS
GRAPH = F
PRINT SWITCH INDICATORS
IPRSR1 = 0 IPRSW2 = 0 IPRSW3 = 0 IPRSW4 = 0 IPRSWS = 0
ODE PACKAGE LATA
EPS = 0.1000000000000000-0u4 HINIT = 0.1000000000000000D-04 MF = 21 MXGORD

CONTINUITY FOR R AND Z DIRECTIONS MAY HAVE BEZEN RESET
CONTIR = O CONTZ = 3
DEFAOULT INITIAL COEFPICIENTS

0.1000000000000000D+01
0.1000000000000000D+01
0.1000000000000000D+01
0.1000000000000000D+01
0.1000000000000000D+01
0.1000000000000000D+01

0.1000000000000000D+01
0.1000000000000000D+0 1
0.1000000000000000D+01
0.1000000000000000D+vu 1
0.1000000000000000D+01

VALUES OF CONCENTRATION U OF THF 1 TH SPECIES AT THE QUADRATURE POINTS IN THE ( %, 1)-TH

(FRCHE INIFIT)
0.10000C0000000000D+01
0.9999999999999999D+400
0.9999999999999995D+00
0.9999999999999997D+00

VALOES OF CONCENTRATION U OF THE 1 TH SPECIES AT THE QUADRATURE POINTS IN THE ( 1, 2)-TH

(PROB INIFIT)
0.9999999999999999D+00
€.1000000000000000D+01
0.1000000000000000D+01
0.1000000000000000D+01

VALOES OF CONCENTRATION U OF THE 1 TH SPECIES AT THE QUAURATURE POINTS IN THE ( 1, 3)-TH

(FRCH INIFIT)
0.1000000000000000D+01
0.1000000000000000D+01
0.1000000000000000D+01
0. 10000000000000000+01

VALUES OF COMCENTRATION U OP THE 1 TH SPECIES AT THE QUADRATURF POINTS IN THF ( 1, 4)-TH

(FROM INIFIT)
0.9999999999999998D+00
0.9999999999999998D+00
0.1000000000000000D+01

0.1000000000000000D+01
0.1000000000000000D+01
0.1000000000000C00D+01
0.1000200000000000D+01
0.1000000000000000D+01

0.1000000000000000D+01
0.1000600000000000D+01
0.1000000000000000D+01

0.1000000000000000D+01

0.1200000000000000D+00

5

0.1000000000000000D+01
0.1000000000000000D+01
0.1000000000000000D+01
0.1000000000000000D+01
0.1000000000000000D+01

RECTANGLE.

RECTANGLE.

RECTANGLE.

RECTANGLE.
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0.1000000000000000D+0 1
VALUES OF CONCENTRATION U OF
(PROM INIFIT)
0.9999999999999998D+00
0.9999999999999998D+00
0.9999999999999997D+00
0.9999999999999938D+00
VALUES OF CONCENTRATION U OF
(FROS INIFIT)
0.9999999999999996D+00
0.9999999999999996D+00
0.9999999999999997p+00
0.9999999999999998D+00
VALUES OF CONCENTRATION U OF
(FROM INIFIT)
0.9999999999999999D+00
0.9999999999939998D+00
0.9999999999999997D+00
0.9999999999999996D+00
VALUES OF CONCENTRATION U OF
(PROM INIFIT)
0.9999999999999997D+00
0.9959999999999996D+00
0.9999999999599996D+00
0.9999999999999998D+00
VALUES OF CONCENTRATION U OF
(FROM INIFIT)
0.1000000000000000D+01
0.1000000000000000D+01
0.1000000000000000D+0 1
0.9999999999999998D+00
VALUES OF CONCENTRATION U OF
(EROM INIFIT)
0.9999999999999994D+00
0.9999999999999994D+00
0.9999999999999997D+00
0.1000000000000000D+01
VALUES OF CONCENTRATION U OF
(FROM INIFIT)
0. 1000000000000000D+01
0.1060000000000000D+01
0.9999999999999998D+00
0.9999999999999995p+00
VALUES OF CONCENTRATION U OF
(FROM INIFIT)
0.1000000000000000D+01
0.9999999999999991D+00
0.9999999999999995p+00
0.1000006000000000D+0 %
VALUES OF CONCENTRATION U OF
(FROM INIFIT)
0.1000000000000000D+01
0. 1000000000000000D+01
0.9999999999999996D+00
0.1000000000000000D+01
VALUES OF CONCENTRATION U OF
(FROM INIFIT)
0.1000000000000000D+01
0.9999995999999996D+00
0.1000000000000000D+0 1
0.1000000000000000D+01
TINTV,T2,ICOR

THE

THE

THE

THE

THE

THE

THE

THE

THE

THE

0.70000000D+01

TH

TH

TH

TH

TH

TH

TH

TH

TH

TH

SPECIES

SPECIES

SPECIES

SPECIES

SPECIES

SPECIES

SPECIES

SPECIES

SPECIES

SPECIES

AT

AT

AT

AT

AT

AT

AT

AT

AT

AT

THE

THE

THE

THE

THE

THE

THE

THE

THE

THE

0.15596000D+05

QUADRATURE

QUADKATURE

QUADRATURE

QUADRATURE

QUADRATURE

QUADRATURE

QUADRATURE

QUADRATURE

QUADRATURE

QUADRATUFRE

2

<

POINTS

POINTS

PGINTS

POINTS

POINTS

POINTS

POINTS

POINTS

POINTS

POINTS

IN

IN

IN

IN

IN

IN

IN

IN

IN
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THE

THE

THE

THE
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TRE

THE
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5)-TH

6) -TH

7) -TH

8)-TH

9)-TH

10) -TH

11) -TH

12) -TH

13) -TH

14) -TH

RECTANGLE.

RECTANGLE.

RECTANGLE.

RECTANGLE.

RECTANGLE.

RECTANGLE.
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RECTANGLE.

RECTANGLE.

Eve



REVISED ESTIMATE OF ITERATIONS POSSIBLE BEFORE DUMP

1 CALLS TO DRIVE HAVE OCCURRED

PROUT FOR TIME = -0.10C00000D+05

W=
0.1€000000D+01 0.99999997D+00 0.10000001D+01 0.99999992D+00 0.10000001D+ 01
0.10000007D+01 0.99999837D+00 0.10000030D+01 0.99999498D+00 0.99998708D+00
0.99998950D+00 0.99998997D+00 0.99999070D0+00 0.99998830D+00 0.99999307D+0C0
0.99999491D+00 0.10000024D+01 0.99993911D+00

VALUES OF CONCENTRATIONS U OF THE 1 TH SPECIES ON THE USERS GRID
(FROM PROUT VIA STEADY)

APPROXIMATE SOLUTION
0.9999994021873465D+00

ANALYTIC SOLN.
0.4028316717141206D+00

APPROXIMATE SOLUTION
0.9999930695433205Dp+00

ANALYTIC SOLN.
0.4028316717141206D+00

APPROXIMATE SOLUTION
0.9999900094408449D+00

ANALYTIC SCLN.
0.5252514372701850D+00

APPROXIMATE SOLUTION
0.9999900399945185D+00

ANALYTIC SOLN.
0.7510744022932562D+00

APPEOXIMBATE SOLUTION
0.9999949796209109D+00

ANALYTIC SCLN.
0.8989850414801589D+00

APFROXIMATE SOLUTION
0.999995667560928uD+00

ANALYTIC SCLN.
0.9908361297114651D+00

MAXIMUM ERRCR ON GRID IS 0.59716773D+00

AT TOUT = -0.10000000D405 SOBN = 0.12920184D+0% AND HUSED = 0.10000000D-04
NQUSED = 1
supm =

0.12920189D-04

94 CALLS TO DRIVE HAVE OCCHRPED

PROUT POR TIME = -0.99906467D+0u

2206

0.99999966D+00
0.99999146D+00
0.10000054D+01

14



0.1C000000D+01
0.99745753D+00
0.62426418D+00
0.40283085D+00

(FROM PROUT VIA STEADY)

APPROXIMATE SOLUTION
0.4028308594947351D+00C

ANALYTIC SCLN.
0.4028316717141206D+00

APPROXIMATE SCLUTION
0.4028310018793288D+00

ANALYTIC SCLN.
0.4028316717141206D+00

APPROXIMATE SOLUTION
0.5252211778316441D+00

ANALYTIIC SCIN.
0.5252514372701850D+00

APPROXIMATE SOLUTION
0.7510621225746079D+00

ANALYTIC SOLN.
0.7510744022932562D+00

APPROXIMATE SOLUTION
0.8989834325178914D+00

ANALYTIC SCLN.
0.8989850414801589D+00

APPROXIMATE SOLUTION
0.99080£3628119529D+00

ANALYTIC SCLN.
0.99083€1297114651D+00

MAXINMOUM ERRCR ON GRID IS

AT TOUT = -0.99906467D+04 SO3N

NCUSED = 3

SUPN =
0.24303424p-05
PHASE 0 CCHMFLETE

0.99998093D+00
0.98620943D+00
0.52188192D+00
0.40283078D+00
VALUES OF CONCENTRATIONS U OF TRE

€.30766900D-0u4

0.10000333D+u1
0.95144504D+00
0.43953522D+00
0.40283078D+0C

= 0.715163910-05 AND HUSED

0.20642440D-05

0.44092682D-06

2.99996400D+00
0.89598343D+00
0.40357924D+30

1 TH SPECIES ON THE USERS GPRID

0.94347124D+00

0.99994792D+00
0.84513152D+00
0.40283100D+00

0.99933442D+00
0.74697465D+00
0.40283096D+00

Ste



KREADING NAMELIST DATA

CHANGES IN NAMELIST DATA MAY HAVE BEEN MADE FOR TRANSIENT
FCR SPECIES NO. 1

SIDE 1 ALPHA = 0.0 BETA = =0.10000000D+01 GAMMA = 0.0
SIDE 2 ALPHA = 0.10000000D+C1 BETRA = 0.0 GAMME = 0.10070000D+01
SIDE 3 ALPHA = 0.0 BETA = 0.10000000D+01 GANMA = 0.0
SIDE 4 ALFHA = 0.0 BETA = 0.10000000D+01 GAMMA = 0.0
SIDE INDICATORS BY SPECIES
FOR SPECIES NO. 1 NS1= 0 Ns2= 1 NS3= 0 NSu4=
BOUNDARY H FUNCTION POR SIDES 1 AND 3
SPECIES NO. 1 MATERIAL INDEX 1 HUV1 = 0.100006000000000CD+C1 HU3 =
SPECIES NO. 1 MATERIAL INDEX % HU1 = 0.1000000000000000D+01 HU3 =
SPECIES NO. 1 MATERIAL INDEX 3 HU1 = 0.1000000000000000D+01 HU3 =
BOUNDARY H FUNCTION FOR SIDES 2 AND &
SPECIES NO. 1 MATERIAL INDEX 1 HU2 = 0.1000000000060000D+01 HUY4 =
FOR SPECIES 1 INTERFACES 1 1 HHGAP = 0.0
FCR SPECIES 1 INTERFACES 2 1 HHGAP = 0.0
FREACTION RATES
FIRST ORDEE RATES
CK INTO 1 FROK 1 IS 0.0
SECCND CRDEEF REACTION FATES ARE
CKK INTO K = 1 POR KP = 1 INTO KPP = 1 CKK( 1, 1, 1) 0.0
ISTDFQ = 100
TIME ANC SEACE GRID FOR PROUT
NUMBER CF HMAJOR TIME VALUES 6
NUMBER OF SURPINTERVALS OF EACH MAJOR TIME INTERVAL 1
(OUTPUT WILL CCCUR AT EACH SUCH TIME)
MAJOR TINE VALUES
0.0 0.4000000000000000D-01 0.8000000000000000D-01
0. 160000€0000000000+00 0.2000000000000000D+00
DATASET CREATED POR USE IN GRAPHICS
GRAPH = F
PRINT SWITCH INDICATORS
IPRSWY = O IPRSH2 = 0 IPRSH3 = 0 IPRSWYU = O IPRS®S = 0
ODE PACKAGE DATA
EPS = 0.1000000000000000 D-04 HINIT = 0.1000000000000000D-04 nF = 21 MXGORD

CCNTINUITY FOR R AND 2 DIRECTIONS
COoNTR = O CONTZ = 3
IBITIAL COEFFPICIENTS FOR TRANSIENT

0.9999809340907971D+00
0.9993344190424562D+06C
0.8989834325178914D+00
0.5218819170437002D+00
0.4028309550497788D+00

0.1000000000000000D+01?
0.9999479212526173D+00
0.9514450431941546D+00
0.62u2641618398020D+00
0.4028310018793288D+00
0.4028307828590672D+00

END OF CASE

0.1000033292834197D+01
0.9978975317315061D+00
0.845131520236u675D+00
0.4395352169752624D+00
0.4028308499581315D+00

0.10000000C0000000D+01
9.1000000000000000D+01
0.1000000000000000D+01

0.1000000000000000D+01

0.1200000000000000D+00

5

0.9999639988193899D+00
0.9862094311695333D+00
0.7469746495008985D+00
0.4035793359979603D+00
0.4028307830128990D+00
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7.6
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A Defect-Diffusion Problem in One-Dimensional Spherical Geometry

This problem involves the distribution of two reacting species in a domain
bounded by two concentric spheres, i.e. o = {r: R <r 5_RU}. Let u.(r,t),

i=1,2, denote the concentration of the i

governing equations.

th species subject to the following

ou

1. - - -

- DvAu1 + DR Civu1u2 CSVCS(u1 VATV)
(7.6.1) B,

3t Dpdup *+ Dp - Gy upup - CoiCauy

u, (R ,t) = VEQL; u,(R ,t) = VATV
(7.6.2) 1ML 17

uz(RL,t) = XIEQL; u2(Ru,t) = XIEQL

ul(r,O) = VEQL
(7.6.3)

uz(r,O) = XIEQL

where A denotes the Laplacian in spherical geometry, and

(7.6.4)

VATV
VEQL
XIEQL

6

10°%, R -5

= 10
7

U
1.98354:10°

9.37700-107%

1073

3.40606-1013

3.70750-10°8

7.38716-10°0

1.75269-1012

1.65843-10"7

1.35436-107

6.75044.10"18

For the numerical approximation of this problem, the following input parameters

are used in the Namelist input.
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Namelist GRID

DELTA=2,
Spherical geometry.

KR=3,
B-splines of degree 2 are used in the radial direction.

Kz=1,
B-splines of zero degree are used on this axis. The probiem is one

dimensional.

NSPEC=2,
Two species.

RLPW=1.0-6, RUP=1.D-5,
Inner and outer radii of the concentric spheres. Defines the
spatial domain in the radial direction.

NMR=10,
Number of interior breakpoints not including the end points.

RMESH = 1.1D-6, 1.2D-6, 1.4D-6, 2.4D-6, 4.4D-6, 6.6D-6, 8.6D-6, 9.6D-6,
9.8D-6, 9.9D-6,

Location of the radial breakpoints.

TRANSW=F,

A steady-state calculation will be done. We will not use the
transient option.

IRGRD=4,

Number of output points in the radial direction.
RGRID = 3.5D-6, 5.D-6, 8.D-6, 9.D-6,

Position of the radial output points.

NQR=3,
NQZ=1,
These values are the default values; however they are displayed here

in order to call attention to the fact that this problem fails with
NQR = KR-1 = 2 and NQZ = KZ-1 = 0.

Namelist DATA

DRCHLT(1,1)=T, DRCHLT(2,1)=T,

Dirichlet boundary conditions for both species on side 1 (the left
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or inner boundary).

DRCHLT(1,3)=T, DRCHLT(2,3)=T,
Dirichlet boundary conditions for both species on side 3 (the right
or outer boundary).

ISTDFQ=100,
Frequency of output for a steady-state calculation. Printout will
occur every ISTDFQ time steps.

GRAPH=T,
Graph of the solution is desired.

EPS=1.D-3,
Local error tolerance for the time integration in the ODE solver.

HINIT=1.D-15,
Initial step size in time used in the ODE solver.

The user-supplied subroutines are discussed below.

MASTER DRIVER

The data for this problem is temperature dependent and is generated in the
MASTER DRIVER. This case corresponds to a temperature of 900. The MASTER DRIVER
is also used to allocate space for the arrays AL and PW with NAL=100 and NPW=420
for this case. With the use of quadratic B-splines over 11 intervals, we have 13
unknowns for each species for a total system size of 26. This gives a required
storage for AL of 91 and for PW of 416. This data is printed in the output.

RHOCP
This subroutine provides the coefficients of the time derivatives in
Equation (7.6.1). Since these coefficients are equal to one, this

routine returns 1.D0.

This subroutine returns the coefficients of the convective terms in
Equation (7.6.1). Since.there are no convective terms, this routine

returns 0.D0.
DIFUSE

This routine provides the diffusion coefficients Dv and DI‘ Note
that the user does not concern himself with the form of the Laplacian

in spherical geometry. This is taken care of in Namelist GRID by
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setting DELTA=2,. Note also that since this problem is one dimen-
sional (all quantities depend only on the R-coordinate), this routine
sets the Z-component of the diffusion coefficient to 0.DO.

EXTSRC
This routine returns the source terms s, = Dr-C; -C. W14z C C (ul-VATv)

for species 1, and Sp = D C vz~ C C sUp for spec1es 2

FDEXTU
This routine provides the Frechet derivatives (or an approximation

thereof) of the distributed source. From the form of the distributed

source terms, we find for species 1:

— = -C, vu2 C C s

—= = -C, u, ,
au2 ivl

while for species 2, we find

2 S -
ET A
9s
2 = - -
3, - Civi it

BRHP
This routine provides the boundary values for each species as given
in Equation (7.6.2). The inner radius RL is identified with side 1,
and the outer radius is identified with side 3.

BRHADT

This routine is not used since the boundary values do not involve
time derivatives of the concentrations.

INDATA

This routine provides the initial data as given in Equation (7.6.3).
ANAL

This routine is not used in this problem and appears in dummy form.

The printed output is supplied on the following pages. Notice that out-
put occurs after the first time step, the 100th time step (since ISTDFQ=100),
st .. .
and the 1417~ time step (at which the steady state solution has been found).



D1, DV 0.9377002431925776D-C3
VEQL,XIEQL 0.1354356100587436D-06

VATV,CIV,CSV,CSI,CS
0.1658430801444832D-06

0.3406061271044640D¢14

G.1983543028505083D-C¢
0.67504413887245010-1)

0.3707504460802126D+09

0.1752685867953059D+13

0.73871547397836821D-07

€42



STORAGE
YAXBEK
MAXSP
SAXTQL
4AXEK
YXMENZ
SXNVAR
4AXGAP
SAINOT
MXBGERD
4XZGBD

$GZ

MAXIMA FCR THIS COMPIILATION :
2
4y
4
100
100
2
ug

20
20
'



READING NAMELIST GRID

SPLINE CRDEF IN K DIRECTION KR

SPLINE OFDER IN Z LCIRECTION K2
NUMBER OF SPECIES NSPEC = 2
LEFT BOUNDARY RLOW = 0.1000000000000000D-05
RIGHT BOUNDARY ROP 0.1000000000000000D-04
LCWEF BOONDARY ZLOG® 0.0

UPPER BCUNDARY 2zUP 0.1000000000000000D+01

3
1

wownn

GEOMETRY INDICATOR DELTA = 2

NUMBEE OF INTERFACES IN R AND Z NTIEK = O NTIZ = 0

NUMBER OF NOM-INTERFACE MESH POINTS IN R AND 2 N8R = 10 NMZ = 7
INITIAL CONTINUITY AT MESH POINTS CONTR = 13 CONTZ = 13

NON-INTERFACE R MESH POINTS

I = 1 RMESH(I) = 0.1100000000000000D-05

I = 2 BMESB(I) = 0.1200000000000009D-05

I = 3 RHESH(I) = J.1400000000000000D-05

I = 4 BMESH(I) = 0.2400000000000000D-05

I = 5 RMESH(I) = 0.44000000000000000-05

I = 6 BRMESH(I) = 0.6600000000000000D-05

I = 7 RHMESH(I) = 0.86000000000000000-05

I = 8 RMESB(I) = 0.5600000000000000D-05

I = 9 RMESH(I) = 0.9800000000000000D-05

I = 10 BMESH(I) = 0.9902000000000000D-05

¥0 NON-INTERFACE Z MESH POINTS

QUADRATURE ORDEE FOR R DIRECTION NQEk = 3

QUADRATORE ORDER FOR Z DIRECTION NQZ = 1

CCNSEBVATIVE FOR® INDBX FOR CONVECTION TERM CONSRV = F

INDEX FOR ALGEBRAIC BOUNDARY CONDITIONS ALGBCS = T
LOGICAL SWIICHES T0 CONTROL PROGRAM

INDICATCR FPOR STEADY STATE COMPOTATION STEDSW = T

IBDICATIOR POR TRABSIENT COMPUATION TBANSW = F

INDICATOR POR INITIAL FIT OF DATA INITSHN = T

IBDICATOR FOR STEADY STATE BESTART ISTDRS = F

INDICATCR PCB TRANSIENT RESTART ITRARS = F

INDICATOR POR READING STEADY STATE COEFFICIENTS FRONM UNIT 10
DUMPSW = F

INDICATCR FOR AMALYTIC SOLUTION IANAL = F

IREVLA(K) IS A SWITCH FOR INDICATING THAT THE COEFFICIENT OF THE TIME DEKIVATIVE IS NOT IDENTICALLY ONE

IRHO (K) IS 2 SWITCH FOR INDICATING THAT THE COEBFFPICIENT OF THE TIME DEKIVATIVE IS IDENTICALLY ZZREO
IBEVIA( 1) = P

IRHO( 1) = F

IREVLA( 2) = F

IFHQ( 2) = F

HUMBER OF USER SUPPLIED POINTS IN R DIRECTION IRGRD = 4
RGRID( 1) = 0.3500000000000000D-05

RGRID( 2) = 0.5000000000000000D-05

BGRID( 3) = 0.80000000000000000-05

RGRID( &) = 0.9000000000000000D-05

NUMBEB OF USER SUPPLIED POINTS IN Z DIRECTION JZGRD = 1
LZGRID( 1) = 0.5006000000000000D+00

READING BABELIST DATA

COMTE TOO HIGH, BEING RESET 10 3-1

CONTZ TOO BIGH, BEING RESET 10 -1

§6¢



NVGAP = 0 NHGAP = 0 LR = 11 1z
IL(I) =

3 4 5 e 7 8 9 10 11 12 13
JL(J) =

1
IREF(I) =

Tt 1 1 1 11 1 o111
JEEP(J) = 1

HORIZCNTAL CRDEERING

NI= 2 = 26 NCC= -28
N1H= 1 NJH= 13 NCCH= -13
REQUIRED STORAGE FOE AL NSTAL = 91
AVAILABLE STOBAGE FOR AL BAL = 100
REQUIRED STCRAGE FOB PW §STPR = 416
AVAILABLE STOBAGE FOEB PW NPW = 420

SYSTEB SIZE FPCB THIS CASE

Lk = 1 Lz = 1
¥R = 13 Nz = 1
§¥AB = 26

DIBRICHLET CCRDITION FPOR SPECIES 1 ON SIDE 1
WEOBANS CONDITIOM FOR SPECIES 1 ON SIDE 2
DTIRICHLET CONDITION FOR SPECIES 1 ON SIDE 3
SEUBABN CONDITION FOB SPECIES 1 ON SIDE 4
FCB SPRCIES ¥CO. 1

SIDE 1 ALPHA

SIDE 2 ALPHA 0.0

SIDE 3 ALPHA = €.1000000000000000D+01

SIDE 4 ALPHA = 0.0
DIRICHLET CONDITION FOR SPECIES
NEBUBABN CO¥DITION FOB SPECIES
DIRICHLET CCMDITICH POR SPECIES
BEUBAMNE COUNDITION FOB SPECIES
PCk SPECIES NC, 2

0.1000000000000000D+01

2 ON SIDE 1
2 ON SIDE 2

2 ON SIDE 3
2 ON SIDE 4

SIDE 1 ALFHA = 0.10000000000000000401
SIDE 2 ALPHA = 0.9
SIDE 3 ALPHA = 0.1000000000000000D+01
SIDE 4 ALPHA = 0.0

SIDE IMDICATORS EY SPECIES

FOE SPECIES §O. 1 HS1= 1 LEPE ]
POB SEBCIES KO, 2 ¥s1= 1 us2= 0
BCONDABY H PUNCTION EOh SIDES 1 AND

POR MATFFIAL INDEX 1 AMD SPECIES NO. 1 HU?
POF BATEBIAL INDEX 1 AND SPECIES NU. 2 U1

1 N& = 13 NZ = 1
4BW= 5
D= 2
BETA = 0.0
BETA = -0.1000000020300209D+01
BETA = 0.0
BETA = 0.10000000)0000000D+01
BEIA = 0.0
BETA = =0.102000002000000J40401
BETA = .
BETA = 0.1303000010203203L+01
Nss= 1 NS4= O
Ns53= 1 NS4= 0
0.10%000093Cou 02000+
0.10000000000009000+ )

HU3 =
HU3 =

GANNA
GAYNA
GAMNA
GA14A

GATNA
GA14A
GAYNA
GAINA

0.1000050C00000000D+01
0.1000200€00000000D+21
0.1000003009000000D+01
0.1000000000000000D+01

0.1000002000000030D¢)1
0.13C000000000002CD+01
3.10000000002020000+71
0.1000000003000000D¢01

G. 10J0uaNu0d0ud05 D0
S.133000009705002000+0

946¢



BOUNDARY H FUNCTICON FOR SIDES 2 AND 4

FOR MATEPIAL INDEX 1 AND SPECIES NO. 1 HUZ = 0.12030020000000000+01 HU4
FOR MATERIAL INDEX 1 AND SPECIES NO. 2 HU2 = 0.1000000000000000D¢021 HO4
ISTDFC IS PEINTOUT FREQUENCY FOR STEADY STATE COMPUTATION

ISTDFQ = 100

TIME GRID FCR PROUT

NUMBER CF BAJOE TIME VALUES NUTOUT = 3

NUMBER OF SUBINTERVALS OF EACH MAJOR TINE INTERVAL NUFREQ = 1

(OUTPUT &IL1 CCCOUF AT EACH SUCH TINE)
MAJOR TINE VALUES O0100T =

0.0 0.1000000000000000D+01 0.200000009G000)3JD+21
DATASET CREATED FOR USE IN GBAPHICS
GRAPH = T

NUMBER FOR GEAPHS ASSOCIATED NITH THIS KUN
1

PRINT SWITCH INDICATORS

IPRSWY = 0 IPRSW2 = 0 IPRSW3 = 0 IPRSHY4 = 0 IPRSUS = 0
ODE PACKAGE DATA
LOCAL TEMPOBAL ERROR CONTROL EPS = 0.10C0000000000000D-02

INITIAL TINE STEP HINIT = 0.1000000000000000D-14
MAXINUS ORDBR OF TIME INTEGRATION

MXGORD = 5
INITIAL TINE TO = 0.0
CCNTINUITY FOB B AND Z DIRECTIONS MAY HAVE BEEN KESET
CONTR = 2 CONTZ = O

DEFAULT INITIAL CGEFFICIENTS R =

0.1)3J030000C0002000+01
0.1223000000000000D+01

0.1030000000000009D+01
0.100300€000000000D+01
€.100€000000000000D+01
0.1000000000060000D+01
0. 1000000000000000D+01
0.1000000€00000000D+01
0.100000C000000000D+C1

0.1000000600000000D+01
0.1000000000000000D+01
0.1000000000000000D+01
0.1000000000000000D+01
9.1000000000000000D+01
0.102000000000000CD+01
0.1000000000000000D+01

0.1200300000000)00D+01
0.1000000000000)00D+J1
9.1000000000000300D+01
0.130€000000000300D+01
0.1000000000000300D+31
0.1000000000000000D+21

0.1000000030002290D+01
0.1000000030000000D+01
€.1000000020000900D+01
0.1000000030200000D+01
C.1000000030000000D+01
0.1000000020000030D+01

VALOES OF CONCENTRAIIOM U OF THE 1 TH SPECIES AT THE QUADRATURE POINTS IN THE (
(FRON INIFIT)

0.1354337509129275p-06  J.13543154333841490-06 0. 1354358135060917D-06
VALUES OF CONCENTBATICN 0 OF THE 2 TH SPECIES AT THE QUADRATURE POINTS IN 1HE (
(FEKCH INIFIT)

0.6750441388724501D0~17  0.6750441388724502D~-17  0.675044 1388724502017
VALOES OF CONCENTRATION U OF THE 1 TH SPECIES AT THE QUADRATUEE PGINTS IN THE (
(FEO8 INIFIT)

0.13544060832282897D~06  0.1354440364084481D-06  J. 1354397590904 382D-D¢
VALOES OF CONCENTRATION U OF THE 2 TH SPECIES AT THE QUADRATURE POINTS IN THE (
(FRON INIFIT)

0.6750441388724500D-17  0.6750441366724499D-17  0.6750441388724499D0-17
VALUES OF CONCENTRATION U OF THE 1 TH SPECIES AT THE QUADRATURE POINTS IN THE (
(PRON INIFIT)

0.1354315400354157D-06  0.13541959653973190-36 0.1354186427943693D-06
VALUES OF CONCENTRATICN U OF THE 2 TH SPECIES AT THE QUADKATURE POINTS IN THE (
(FRCH IKIFIT)

0.6750441388724500D-17  0.67504413887245020-17  0.6750441388724502D-17
VALOES OF CONCENTEATICN U OF THE 1 TH SPECIES AT THE QUADRATURE POINTS LN THE (
(FRCH INIFIT)

0.1354307335398893D-06  0.1354515657676788D~06 0.,1354498148338527D-06
VALUES OF CONCENTBATICN U OF THE 2 TH SPECIES AT THE QUADKATURE BOINTS LN THE (
(FECH INIPIT)

0.67504413837245010-17  0.07504413587244990-17 0. 67504413887245000-17
VALDES OF CCNCENTRATICN U OF THE 1 TH SPECIES AT THE QUADFATURE POINTS IN THE (

1, 1)-TH KECTANGLE.
1, 1)-TH RECTANGLE,
2, 1)-TH BECTANGLE.
2, 1)-I'8 RECTANGLE.
3, 1)-TH RECTANGLE.
3, 1)-TH RECTANGLE.
4, 1)-~Td RECTANGLE.
4, 1)-TH RECTAMNGLE,
5, 1) -TH RECTANGLE.

A4



(ERCH INIFIT)

0.1354348571554631D-006
VALUES OF CONCENTRATICN U

(FRCN INIFIT)

0.6750441388724501D0-17
VALUES OF CCNCENTFATION O

(FRCA INIFIT)

0.1354464598565673D-06
VALUBS OF CONCENTEATIOR U

(FRCHM INIFIT)

0.6750441388724501D-17
VALUES CP CONCENTEATICHN U

(FRCH INIFIT)

0.135403€513453517D-06
VALUES OF CONCENTBATICHE U

(FRCHM INIFIT)

PBOOT POE TIME =

0.6750441388724531D-17

VALOES CF CCNCENTRATION ©

(FRON INIFIT)
0.1355325791005313D-06

VALUES OF CONCENIRATICON U

(PRCM INIFIT)
0.6750441388724500D0-17

VALUES OF CONCENTRATION ©
{PECHM INIFIT)

0.13505024C3639819D-06

VALUES OF CONCENTRATICH U
(FRCE INIFIT)

0.67504413887.4499D0-17

VALOUES OF CONCENTRATICH ©
(FRCA INIFIT)

0.1375075581340802D-06

VALOES OF CONCENTBATION U
(FROS IBIFIT)

0.6750441388724502D-17
VALUES OF

N.129528€2970777u7D-06

YALUES OF CONCENTRATION O
(PRCH INiFIT)

0.F750441388724500D~17

¥ =
0.135435€¢100587436D-06
0.7666247758590022D-17
0.1353244199291734D-06
0.7753311219955073D-17
0.1385610094087981D-0¢
0.€7504413887.45010-17

YALUE; CF CONCENTRATICNS

(E6CH EECO1T VIA STEALDY)

APPROXINATION I3

0.13541814841220290-06

VALULS OF

CONCENTRATION O
(PRCM INIFIT)

0.135418.156430662D-06
OF THE 2 TH SPECIES AT

0.67504413887245C2Dp-17
OF THE 1 TH SPECIES AT

0.13545758667716850-06
OF THE 2 TH SPECIES AT

0.67504413887245300-17
OF THE 1 TH SPECIES AT

0.1354090358587570D-06
OF THE 2 TH SPECIES AT

0.6750441388724502D-17
OF THE 1 TH SPECIES AT

0.1354449361062371D~-06
OF THE 2 TH SPECIES AT

0.67504413887245000-17
OF THE 1 TH SPECIES AT

0.1355639529963101D-06
OF THE 2 TH SPECIES AT

0.6750441383724499D0~17
OF THt 1 TH SPECIES AT

0.1362835163.70871D-006
OF THE 2 TH SPECIES AT

0.6750441388724502D-17
OF THE 1 TH SPECIES AT

0.1355066841257855D-06
OF THE 2 TH SPECIES AT

0.67504413837245000-17

-0.99999999999%9499D-01

0.6750441388724491D0-17
0.1354104384229703D-06
0.7752136092111383D-17
0.1356073960204664D-06
0.7647794830658687D-17

FOR THE 1 TH SPECIES

0.1356%66485068181D-J6

0.13543012901793300-06

THE QUADRATURE POINTS IN

0.6750441388724502D0-17

THE QUADKATURE POINTS IN

0.1354302741632372D-00b

THE QUADRATORE POINTS IN

0.6750441388724501D-17

THE QUADRATURE POINIS 1IN

0.135u4857446171248L-06

THE QUADRATUBE POINTS IN

0.6750441388724501D0-17

THE QUADRATURE POINTS IN

0.1351623411566703D-06

THE QUADRATUEE POINTS IN

0.6750441388724499D-17

THE QUADPATORE POINTS IN

0.1368375607278773D-06

THE QUADEATURE POINTS IN

0.67504413887245010-17

THE QUADRATURE POINTS IN

0.13232608165743700-06

THE QUADRATURE POINTS 1IN

0.6750441388724501D-17

THE QUADRATURE POLNTS IN

0.1567798u692161460-0¢

THE QUADRATURE POINIS IN

0.6750441388724500D-17

0.1154261452254982D-J0b
0.7759809512440088D-17
0.13548795277521400-06
0.7744777247814650D-17
0.1227612639323)760-00

ON THE USEHBS GRID

0.13543974,10949890-06

CONCEMIGATICHS U FOu THE 2 TH SEFECIES uN THE USKEES GRID
(FBCM EROUT VIAN STEHALY)

THE ( 5, 1)-TH RECIANGLE.

1TBE ( 6, 1)-ITd4 RECTANGLE.

THE ( 6, 1)-TH BECTANGLE.

THE ( 7, 1)-I'i RECTANGLE.

THE ( 7, 1)-TH KECTABGLE.

THE ( 8, 1)-TH BECTANGLE.

THE ( 8, 1)-TH BECTANGLE.

THE ( 9, 1) -TH RECTANGLE.

THE ( 9, 1)-TH RECTANGLE.

THE ( 10, 1)-TH EECTARGLE.

THE ( 10, 1)-TH RECTANGLE.

THE {( 11, 1)-TH RECTANGLE.

THE ( V1, 1)-TH RECTANGLE,

0.413298)3431394767D-17
0,1354703851088253D-06
0.7748617246103605D-17
0.1349327072280626D-06
0.8166725114482842D-17

y
K

0.135648623520714338D-0¢

0.13545240)uB58134D-00
0.7747884397333644D-17
0.1353495990136995D-06
0.77670341834305630-17
0.1658430801204832D0-006

8G7



APPROXINATION IS
0.77510552319271710-17  0.7745775046560578D-17
AT TOUT = -0.9999995999999899D-01 SOBN =
NCUSED = 1

SOPN =
0.3454704102123250D~-14
1 CALLS TC CRIVE HAVE OCCURRED

3.77503222851624250-17

0.345470410.123250D¢01 AND HUSED =

A STEADY PRINT TAKES LESS THAN A CENTISEC.~--USE 1 CENTISEC. AS AN ESTINAIE

0.774876891543089590-17

A CALL TO DRIVE TAKES LESS THAN A CENTISEC.-- USE 1 CENTISEC, AS A ESTIHATE

PROOUT FCR TIME = -0.9999949717053860D~-01

0.1354356100587436D0-06
0.241838€107133931p-11
0.1363846926207798D-06
0.6857184826960862D-11
0.1584041348015896D-06
0.67504413887245010-17

0.6750441388724359D0-17
0.13599031915222312D-06
0.11989101958576190-10
0.1337617468416721D-06
0.4858689642827705D-12

0.13556594943857510-C6
0.4350126792762643D-11
0.1352622148647580D-06
0.2823937842640330D-11
0.16333370515422332D0-06

0.9199765552810824D-12
0.1356034387588790D-06
0.1066976834983774D-10
0.1511128768348078D-06
0.1633412265383144D-12

0.120000920090000000D-14

0.13573164121140620-06
0.9166474202328652D-11
0.1373247C27433115D0-06
0.96351915161828340-12
0.1658430801444832p-06

VALUES OF CONCENTRATIONS U FOR THE 1 TH SPECIES ON THE USERS GRID
(FRCH PROUT VIA STEADY)

APPRORIMATION IS

0.1361175331012343D-06 0.1356418727318245D-06 0.1358832686206475D-U¢€ 0.1364667855489536D~-06

VALUES OF CONCENTKATICNS U FOR THE 2 TH SPECIES ON THE USERS GFID
(FRCN PROUT VIA STEADY)

APPROXIMATICN IS

0.1141600041684383CD-10 0.1088675613448436D-10 J.5703053536872782D-11 0.3059871¢55289187D-11

AT TOUT = -0.9999949717053860D0-01 SOBN =
NCUSED = 2

0.7855616739644008D+05 AND HOSED

SUPN =
0.23265074536372700-08 0.6511623408241306D-09
100 CALLS TO ORIVE HAVE OCCURRED

PROUT FOR TINE = -0.9945437428639980D0-91

0.1287566125049381D-06

W=

0.135435610058743€D-06
0.2367541285396863D~11
0.2154707528866665D-06
0.6745131053757933D-11
0.1680603280957358D-06
0.675044136868724501D~17

0.6750441388724534D~17
0.1636334946404234D-06
0.11723885845u1036D0-10
0.1736903806731880D~06
0.4799000956306796D~12

0.1413857385001132D-06
0.4258351309129336D-11
0.2126962311270903D0-06
0.2786362132784717D-11
0.1665890491054867D~06

0.80071780764232060-12
0.1951334531538425D~06
0.1045236793664319D-10
0.1702366635047908D-06
0.1613780644175671D-12

9.1510942745432073D~06
0.8969606412150964D-11
0.1967350570457871D0-06
0.9514190672420399D~12
0.1658430801444832D-06

VALUES OF CONCENTFATIONS 0 FOR THE 1 TH SPECIES ON THF USEEKS GRI1D
(PHCY EBOUT VIA STEALY)

APPROXIMBATICN IS

0.2123251491692725D-06 0.2128430658711645D-06 0.1915245130818414D-0¢ 0.1797285796221015D-06

VALOES OF CONCENTHATICNS U ¥Or [P 2 TH SPECIES OUN THE USERS GRID
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(FERCM EFERCUT VIA STEADY)

APPRCYIMATICN IS
0.11168896895746983D-10 0.1066021215513294D-10

2.561G314796935297D-11

U.3016755327895812D-11

AT TOUT = -0.9945437428639980D-01 SOBN = 0.4746234182444423D-07 AND HUSED = 9.1650715154623751D0-03

NCUSED = 1

SUPN =
0.7834680692354277D-11
141 CALLS TO DRIVE HAVE OCCUKRED
STEADY-STATE SOLUTION HAS BEEN ACHIEVED
COEFFICIENTS WRITTEN ON DOUMP DATASET

BEADING NANELIST DATA
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CHANGES IN NAAELIST DATA MAY HAVE BEEN MADE FOE TRANSIENT

DIRICHLET CONDITION FOk SPEC
BEUNANN CONDITION FOR SPECIE
DIRICHLEY CONDITION FOR SPEC

IES 1 ON SIbE 1
S 1 ON SIDE 2
IES 1 ON SIDE 3

NEUMANN CONDITION FOR SPECIES 1 ON SIDE

FOR SPECIES NO. 1
SIDE 1 ALPHA
SIDE 2 ALPHA
SIDE 3 ALPHA
SIDE 4 ALFHA

DIRICHLET CONDITION

NEUMANN CONDITION FOR SPECIES 2 ON SIDE

DIRICHLET CCNDITION

NEUBANN CONDITION FOR SPECIES 2 ON SIDE

FOR SPECIES NO., 2
SIDE t ALFHA
SIDE 2 ALPHA
SIDE 3 ALPHA
SIDE 4 ALPHA

SIDE INDICATORS EY

FOR SPECIES NO. 1
FOR SPECIES NO. 2
BOUNDARY H FUNCTION

4

FOR MATERIAL INDEX 1 AND SPECIES NO.
FOB MATERIAL INDEX 1 AND SPECIES NO.
BCONDARY H FUNCTICN FOR SIDES 2 AND &
FOR MATERIAL INDEX 1 AND SPECIES NO.
FOR MATERIAL INDEX 1 AND SPECIES NO.

0.1000000000500000D+J1
0.1000000000000000D+01
0.1000000000000009D+01
0.1000000000000000D+01

0.1000000000000000D+9 1
0.1000000€00000000D+01
0.10000000000002900D+01
0.1300000000000000D+01

0.1000000000000000D+01 BETA = 0.0 GAYMA =
0.0 BETA = 0.10000000)0000300D+01 GANNA =
0.1000000000000000D+01 BETA = 0.0 GANNA =
0.0 BETA = 0.1000000030000000D+01 GAMNA =
FOR SPECIES 2 ON SIDE
2
FOR SPECIES 2 ON SIDE
4
€.100000C000000000D+01 BETA = 0.0 GANMA =
0.0 BETA = 0.10000000200003000+01 GAYNA =
0.1000000000000000D+01 BETA = 0.0 GAMMA =
0.0 BETA = 0.1000000070000000D+01 GAMMA =
SPECIES
§S1= 1 NS2= 0 NS3= 1 Ns4= 0
¥51= 1 NS2= 0 Hs3= 1 NS4= O

FOR SIDES 1 AND 3

1 HOY = 0.1300C0C000000000D+21 HO3 =

2 HOV1 = 0.1000000000200000D+21 HU3 =

1 HO2 = 0.1000000000000000D+21 HO4 =

2 BHU2 = 0.1000000000000000D+01 HO4 =

0.100007000CC00000D+01
0.1000000900000000D+01

0.100090090000CG000D+01
0.1300000000000000D+01

ISTDFC IS PBINTOUT FREQUENCY FOR STEADY STATE COMPUTATION

ISTDFQ = 100
TINE GRID FCR PROUT

NUMBER OF MAJCR TIME VALUES

NOUMBER CF SUBINTERVALS OF EACH MAJOR TIME INTERVAL

(OUTPUT WILL CCCUR AT FACH S
4AJCR TIME VALOES OTOUT =
0.0
DATASET CREATED FOR USE IN G
GEAPH = T
NUMBEER FOR GEAPHS ASSOCIATED
1
PRINT SWITCH INDICATORS
IPRSY1 = 0 IPRSNZ2 = 0
ODE PACKAGE DATA
LOCAL TEMPOKAL ERROR CONTROL
INITIAL TIBE STEP
MAXIMON ORDER OF TINE INTEG

INITIAL TINE T0 = 0.0

CONTINDITY FOR E AND Z DIREC
CONTR = 2 CONTZ =
INITIAL COEFFICIENTS FOR TRA

0.135435€100587u436D~06
3.1510942742432C¢73D-06
0.1951304531538425D-06
C.21269623112709030-06
J.178650360¢7316880D~06

NUTOUT = 3
UCH TIME)

0.1000000000000000D+01
RAPHICS

WITH THIS RON

NOFREQ = 1

0.2000000000000000D+)1

IPRSW3I = 0 IPRSEY = 0 IPRSHS = 0

EPS = 0.10000000000000000-02
HINIT = 0.1000000000000000D-14

RATION
8XGORD = 5

TIONS
0
NSTIENT w =

0.675044138872453uDp-17
0.236754128539€6863D-11
0.69609606412153964D-11
0.10452367930643190-10
0.2736362132734717D-11

J.14138573550011:2D-Jb
0.1636330946404234D-06
9.21547C75288€66650~-2¢
3.196735C5704573710-00
J.17023666390u472124n-3¢

0.300717800A423306D-1.
0.4258351919129836D-11
0.1172388594941036D-10
0.6745131653757933Dp-11
J.9514190€72429399D-1¢
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0.1680603280957358D-06
0.165€430801444832D-06

ZND OF CASE

0.4792000956306796D~-12
0.6750441388724501Dp-17

0.1665390491054367p-C¢

C.1613739644175671D-12

7Q7
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We next consider the use of the Cross Section Plotting (CSP) graphics

program in connection with the defect-diffusion problem.

The CSP program is provided with a dummy form of SUBROUTINE ANAL which is

the only user-supplied routine. Since we do not have an analytic solution, we
leave the dummy routine as it is.

There are two Namelists required: Namelist FORMAT and Namelist CSPIN.

Namelist FORMAT

1.

Iterative or direct indicator
The direct version is used.
ITRTV=0, (Default)

Number of curves to be produced per time value
This variable specifies the number of curves to be produced for each
time value. Since there are two equations and each solution is pro-
duced once for each time value, use
IGNUM=2,

Number of grid points for graphical purposes
This number cannot exceed the macro variable NRES1 which has a value
of 501.
NRESIN=NRES1, (Default)

Logical variable for doing space-time plots
A time plot is not called for.
ITIME=F, (Default)

Namelist CSPIN

1.

Indicator for grouping format
The IFPRMT, ISPEC, LGRPUP, and LPRDER variables describe how the
curves are to be displayed. For each time value in this example, a
single frame will be produced. Within this frame both curves will
be plotted and, since these solutions differ considerably in magni-
tude, they will be put on separate sets of axes. Thus the separate
mode is used.
IFPRMT=0, (Default)
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2. Estimate of the minimum value of the ordinates
This is defaulted to zero.
YAXMIN=0.0, (Default)

3. Estimate of the maximum value of the ordinate for all curves.
This defaults to one. The CSP program will automatically rescale
this value since it is much larger than necessary.
YAXMAX=1.0, (Default)

4. Species number for each curve
The next three variables will be two component vectors since IGNUM=2.

Associate the first curve with the first specie and the second curve
with the second specie. (See Note 10 of the Machine Readable Docu-
mentation for more general examples of ISPEC, LGRPUP, and LPRDER.)
ISPEC=1,2,

5. Frame number indicator
Since only one frame is generated for each time value:
LGRPUP=1,1, (Default)

6. Ordering of curves on each frame
The plots will be ordered from the bottom to the top of each frame.
LARDER=1,2,

7. R coordinate of first endpoint of cross-section
This is a one-dimensional probliem in the R direction. The cross-
section will be from (10-6,0) to (10-5,0).
Al=1.E-6,

8. R coordinate of second endpoint of cross-section
A2=1.E-5,

The CSP program will provide a frame for each time that printout occurred.
Thus there will be a frame corresponding to the ISt, 100th, and 141St time step.
The following page provides the graph associated with the 141St step (the steady-
state solution). Notice that the time value appearing in the graph is artifi-
cial and is only used within DISPL to control integration to steady-state.



DISPLI1
CROSS SECTION PLOT RUN =

SPECIES

1

-

0.

x 1 O-lo
0.09

—a

.03

U AX
0

1

.-0.04

.01 0.02 0.03 0.05 0.06  0.07
R AXIS 10

0.24

0.20

x10°°

U RAXIS
15

—_
1n

Y 0.02 0.03 0.0s 0.06 0.07
R AXIS x10

0.08 0.089

TIME -0.0838

Figure 7.6.1

Graph of Concentrations at 141°% Time Step

FRAME 3

265



266



267

APPENDIX A

Machine Readable Documentation



268



DISPL1: ONE AND TWO DIMENSIONAL KINETICS-DIFFUSION SOFTWARE

This is documentation for DISPL1, a one and two dimensional
kinetics-diffusional software package. This package is described in
DISPL: A SOFTWARE PACKAGE FOR ONE AND TWO SPATIALLY DIMENSIONED
KINETICS-DIFFUSION PROBLEMS by G.K. Leaf, M. Minkoff, G.D. Byrne,

D. Sorensen, T. Bleakney, and J. Saltzman, Argonne National
Laboratory Applied Mathematics Division Report ANL-77-12,
Yay, 1977.

Table of Contents

I. Input Namelists

1. Role

2. Format of Namelist Inpat

3. Variables in Namelist GRID

4. Variables in Namelist DATA

5. Graphical Namelists
a. Variatles in Namelist FORMAT
b. Variables in Namelist CSPIN
C. Variables in Namelist CNTRIN
d. Variables in Namelist DIM3IN

6. Notes

1. Role

There is one read of Namelist GRID followed by two reads
of Namelist DATA for each complete job case. GRID contains
input variables that determine the structure of the case:
positions of interfaces, selection of steady-state solution,
transient soluticn, etc.

Namelist DATA for the current case is read once immediately
after GRID and before any calls to the calculation routines.
It is read again immediately before the call to TIMEX,
the transient routine. This Namelist contains boundary values,
gap data, reaction coefficients, output switches,
and GEAR control variables which can be modified via the
second read. If no changes are required, only a null DATA
Namelist need be supplied for the second read. EBach call to
EXEC (the highest level routine in DISPL1) requires the presence
of these 3 Namelist sets, but any or all wmay be null.

2. Format of pamelist inpuat

Namelist uses a free-format similiar to ordinary assign-
ment statements, as described in the IBM Eortrqn.lv Ref.
manual, pages 54,55. Only the namelist identifier,
either GRID or DAIA ,
is fixed in its format. Beginning in column 2, enter

EGRID free-format assignments, . . .
e o« « GEND

This is fcllowed by:
&EDATA . . . GEND

followed by the second read of DATA :
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EDATA . . . GEEND
where again the string &§DATA begins in column 2.

A null entry for either namelist is of the form:

&EGRID EEND or:
&EDATA GEND

Note that the input assignments within each namelist
can be supplied in any order. Any variable can be
omitted entirely if its default value is desired.

As explained in the reference cited above, array
data can ke entered either with or without
subscripts. Examples of each are:

MATL (1,1

)=1,M4ATL (1,2)=3,
MATL (2,1) =4

MATL (2,2)=2,

IFTYPR=1,0,1,1,IFTYPZ2=0,0,
It is recommended, as shown above, that 2 and
3 dimensional data be entered with explicit subscripts
fcr readability. One-dimensional data can be entered
more conviently withcut sutscripts.

The description of Namelist for CDC software is given in
in the CDC Fortran Extended Version 4 Reference Manual,
pp. I-9-15, I-9-17. The above discussion applies for CDC
Namelist with & regplaced by $.

3. Variakles in Ramelist GRID

The list here shows the default values if the
variable is omitted. Dimensioning is shown in
rarentheses.

Stline order
KR=4,KZ=4,
Quadrature order
NQR=MAX (KR, 1) ,NQZ=MAX (KZ, 1), (The default is set using the

values of KR and KZ)
Numter of species

NSPEC=1,
Geometry indicator: O=rectanqgular, 1=cylindrical, {2=spherical,
1D only)
DELTA=0,

Domain boundaries
RIOW=O.DO,PUP=1.DO,ZLOW=0.D0,ZUP=1.DO,
Nunter of interfaces
NTIR=0,NTIZ=0,
Interface mesh pcints
RIF=0.D0,0.D0, . . ¢Z2IF=9.00, . . .,
Interface type codes: 0=gap, l1=continuous
IFTYPR=1,1, . . « e IFTYPZ=1,1, . . .,
Number of noninterface mesh points (in R or Z direction)
in the domain (not including the end points). If the RMESH (ZMESH)

vector.is owitted, the code will generate NMR (NMZ) equally
space 1interior pcints.
NMR=0D _NM7=0



Non-interface mesh points
If one of these vectors is omitted, the code generates equally
spaced interior points in that coordinate direction.
RMESH=0.D0, ..,ZMESH=0.D0, . . .,
Continuity of mesh points
CONTR=KR-1,CONTZ=KZ-1, (Defaults set internally)
Continuity index at noninterface mesh points in R direction

INDR(I), (I=1,NMR) (Defaults to CONTR)
Continuity index at noninterface mesh points in Z direction
INUZ (J), (J=1,NN2Z) (Defaults to CONTZ)

Material tatle (See Note 1 helow)
WATL=1,1, « .« ., (MAXBRK,MAXBRK)
Index for algetraic boundary conditions
ALGBCS=T, (T means that algebraic boundary conditions
are used as provided by BRHO. In this case BRHODT
can ke a dumry routine. F means that BRHODT will be
used. BRHODT must return the time derivative of the
essential boundary conditions; but NOT the time
derivative of the non-essential conditions. In this
case BRHO may be a dummy routine).
Conservative form index for convection term
CONSRV=T, (T means conservative form is used,
F means substantial derivative form is used)
Switch for indicating the presence of heat capacity coefficient
in the partial time derivative term. For the K-th species,
set IREVLIA(K)=F, if RHOCP(X,T,R,Z,U) is identially 1.0.
Otherwise set IREVLA(K)=T.
IREVLA(K)=F, (K=1,NSPEC)
Indicator for RHCCP(K) bheing identically zero. IRHO(K)=T,
implies that RHOCP is identically zero. Note that IREVLA(K)=F aand
IRHC(K) =T is inconsistent. If the user does this, the code will
issue a warning and reset IREVLA(K) to .TRUE.
IRHO (K) =F,
Selection of calls (in order) to
INI¥IT,STEADY,TIMEX:
INITSW=T,STEDSW=T,TRANSW=T, (Default values)
Frequency of output from STEADY
ISTDFQ=100, (OCutput from steady occurs every ISTDFQ time steps

except that the first output occurs after the first

time step.)
Default value is 100. NEVER OSE ISTDFQ=0!
Number of points in the R direction for user's output gr?d:
This grid is coptional and provides an alternative to giving
the approximate and analytic solution at the Gaussian points.
The alternative grid is the tensor product of RGRID ayd ZGRID.
IRGRD=0 implies that the output is given at the Gaussian

points. IRGRD=1 should be used when the problem is ome dimensional

in the Z direction.
IRGRD=1, _
Points in the R direction for user's grid
If this vector is omitted and if IRGRD > 2.then the code generates
equally spaced points including the end points.
RGRID(I), (I=1,...IRGRD) (RGRID(I)=0.5DO) -
Number of points in the 2 direction for user's output grid. JZGRD=0

implies that the output is given the the Gaussian points. JZGRD=1

should be used when the problem is one dimensional in the R
direction.

JZGRD=1, . ‘ .
Points in the Z direction for user's grid
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1f this vector is omitted and if JZGRD > 2 then the code generates
equally spaced points including the end points.
ZGRID (J) 4 (J=14+..JZGRD) (ZGRID (J) =0.5D0)
Indicator for giving the analytic solution on the qrid
(either the Gaussian or user grid). The analytic solution is
computed in SUBROUTINE ANAL. (See Note 8) .
TANAL=F
Indicator for restarting STEADY
This indicator and the next two indicators cam be used to restart
a calculation from a dump generated during a previous run. The coile
dumps information under the following four conditions: if it
detects that time is expiring during steady-state calculation; at
the normal conclusion of a steady-state calculation; if it detects
that time is expiring during a transient calculation; and at the
ncrmal conclusion of a transient calculation. Only the last dump
during a given run is meaningful since each dump writes from the
beginning of the file. Thus to generate a dump at the normal
conclusion of the steady-state calculation set TRANSW=F. The ISTDFS
indicator is associated with restarting the first type of dump; the
DUMPSW indicator is associated with restarting the second type; ani
the ITRARS indicator is associated with the third type. The fourth
type of dump can be utilized as follows: Set up an array of UTOUT
of dimension N2 and set NUTQUT=N1<N2. The program will then dump
at T=UTCUT(N1). Opn the restart run set INITSW, GUESSW and STEDSH
to false and TRANSW to true and use NUTOUT=N2. The calculation
will restart from UOTOUT(N1) and proceed to UTOUOT(NZ2). To restart
a steady-state calculaticn set ISTDRS=T, INITSW=F, GUESSW#=F, and
STEDSW=T. The code will then read the current value of the
approximating coefficients and time (variables W and T, respectively
from unit 10.
ISTDRS=F,
Indicator for reading coefficients from unit 10.
If the dump in a previcus run occurred at the normal conclusion
of the steady-state calculation, the code dumped the final
coefficients. By setting DUMPSW=T, these coefficients can be
read from unit 10 and can be used in either a new steady-state
or transient calculatior.
DUMPSH=F,
Ipndicator for restarting a transient calculation.
If ITRARS=T, then the current value of the approximating
coefficients and time (variables W and T, respectively) are
read from unit 10. When ITRARS is true, INTISW, GUESSW, and
STEDSW must be false and TRANSW must be true.
ITRARS=F,
Indicator for order of derivatives computed on the user supplied
output grid. The code always provides the approximate solution
on the grid (either user supplied or Gaussian). However, if a
user supplied grid is used, partial deriatives of the approximation
can be requested. IORD is a vector of, at most, fifteen
components. Fach component is an integer of the form 10*I+J
and will cause the mixed partial of order I with respect to R
and order J with respect to Z to be computed. Thus IORD=10,11,
will cause DU(K)/DR and DU(K)/ (DR DZ) to be computed as well as
OU(K) for all K. Notice that the user need not specify the I=J=)
case (function value case).
IOrRD=0,0,...,
EEND

4. vVariables in Namelist DATA



Spline coefficients
W=1.D00, . . ., (MXNVAR)
Boundary value coefficients (MAXSP,U) (See Note 5)
ALPHA=0.D0, . .,BETA=1.D0, . .,GAMMA=0.D0O, . .,
Boundary condition switches
NSI(K) is the switch for species K on side I.
NSI(K)=0 means BETA is non-zZero for species K on side I.
NSI(K) =1 means BETA is zero for species K on side I.
NSI (K)=-1 means that no boundary condition is imposed for
species K on side 1I.
Note that NSI(K) can vary with K.
When specifying the boundary condition switches, the user
must be sure to also specify consistent values of ALPHA(K,I),
BETA (K,Y), and GAMMA(K,I). ©Notice that when the logical
indicators DRCHLT (K,I) or NEUMAN(K,I) are used, the appropriate
boundary condition switches and coefficients are set automatically.
NS1(K),NS2 (K),NS3 (K), NSl (K)=0, K=1,NSPEC
Dirichlet boundary condition indicator (MAXSP,4)
If the K-th species on the I-th side has a Dirichlet boundary
condition (U(K) specified on side(I)), then setting DRCHLT(K,I)=T,
will set NSI(K)=1, ALPHA(K,I)=1.D0, BETA(K,I)=0.D0, and
GAMMA(K,I)=1.D0. Thus for a Dirichlet condition one can use
DRCHLT (K,I) =T, in place of setting NSI(K), ALPHA(K,I), BETA(K,I),
and GAMMA(K,I).
DRCHLT (K, I)=F, K=1,MAXSP I=1,4
Neumann boundary condition indicator (MAXSP,U)
If the K-th species on the I-th side has a Neumann boundary
condition (the normal AdAerivative of T (K) specified on side I),
then setting NEUMAN(K,I)=T, will set NSI(K)=0, ALPHA(K,I)=0.DO,
BETA(K,I)=1.D0, and GAMMA(K,I)=1.D0. The negative sign
associated with the normal derivative on sides 1 and 2 is taken
care of in the program. Thus for a Neumann condition, one can use
NEUMAN(K,I) =T, in place of setting NSI(K), ALPHA(K,I), BETA(K,I),
and GAMMA(K,I). Note that the symmetric condition (homogeneous
Neumann condition) is a default in the program so that in this
case one does not have tc set any boundary condition indicator.
NEUMAN(K,I)=F, K=1,MAXSP I=1,4
Boundary h function for each side (MAXBRK,MAXSP) (See Note 6)
HO1=1.DC, . .,H02=1.D0, « .,
HU3=1.D0, . .,HO04=1.D0, . .,

Gap ccefficients (MA XBRK,MAXBRK, MAXSP) (See Note 2)
HVGAP=0.D0, . .,HHGAP=0.D0, . .,

Reaction coefficients, first crder (See Note 3)
CKk=0.00, . ., (MAXSE, MAXSP)

Reaction coefficients, second order (See Note U4)
CKK=0.D0, + «¢ (MAXSP,MAXSP,HAXSP) .

Initial time for start of transient calculation
T0=0.D0,

Output time control for TIMFX through PROUT
pNUTOUT=3,NUFREQ=1,UTOUT=0.D0,1.D0,2.DO, 97*9.D0, (Se? Note 7)
Graphics output switch. Output for latgr grgphlcs analysis
will be written on unit 12 if this switch is true.

GRAPH=F,
Number of run. S
programs to identif
on unit 12.
NOMGRF=1,
ODE solver control parameters

This integer variable is used in the graphics
Yy thg run which produced the graphics file
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EPS=1.D-4,HINIT=1.D-3,
Maximum order used in ODE solver
MXGORD=5, (MXGORD must be between 1 and 5) .
Internal ocutput control switches. If equal to 1 the print
will occur. If equal to O the print will not occur.
IPRSW1 controls certain prints in INPROC .
IPRSW2 controls prints in INIFIT and certain prints im INPROC
IPRSW3 controls prints in GFUN and PEDERYV
IPRSW4 controls prints in GUESS1, RHS, TIMEX and BDALHS
IPRSWS controls prints in PEDERV
IPRSW1=0,IPRSW2=0,IPRSW3=0,IPRSWY4=0,IPRSWS=0,
EEND

5. Graphics namelists

These namelists are used in one or more of the three graphics
packages--CSP (cross section plots), CONTOR (contour plots),
and THREED (three dimensional plots via the DISPLAA
graphics software) . Namelist FORMAT is used in 2all
three programs. Namelist CSPIN is used only in CSP. Namelist
CNTRIN is used only in CONTOR while namelist DIM3IN is used only
in THREED. All variables in the graphics namelists are in SINGLE
PRECISION,

a. Variables in Namelist FORMAT

This namelist provides basic data dealing with the ordering
of the coefficients of the approximating and the number of curves
to te plotted.

Indicator for iterative or direct version of the code. This
indicator estalishes the ordering assumed of the coefficients.
If ITRTV is set to 1, the ordering is that of the iterative
version. If ITRTIV is anything else, the ordering is assumed
to ke that of the direct version. (The Argobne Code Center
version is the direct version).
ITRTV=0,
Number of curves (or contours or three dimensional views) to
be produced at each time value. Usually this is
the numker of species, NSPEC.
IGNUM=1,
Number of graphics grid points in each coordinate direction.
For CSP this value defaults to NRES1. For CONTOR and THREED
this value defaults to NRESD.
NRESIN=NKES1 or NRESD, (That is, NRESIN is set to the value
of the Macro variable NRES1 or NRESD).
Logical variable fcr doing space-time plots,
If ITIME=T, the contour fplot uses the horizontal axis for tiame.
In the case of CCNTOR and THREED the vertical axis is used for the
spatial direction.
ITIME=F,
Integer variable for the number of time values used in space-time
plots. If NTIMF is set less than the actual number of
time values, only the first NTIME values will be used. If
NTIHE is set greater than or equal to the actual number of
time values, all of the values will be used, although a warning
will be printed if NTIME is greater tham the actual value.
NTIME=NRES1, for CSP (That is, NTIME defaults to the macros NRES1
in the CSP program).



NTIME=NRESL, for CONTOR and THREED
&END

b. Vvariables in Namelist CSPIN

This namelist provides data dealing specifically with the
CSP program.

Indicator for cimema mode. If ICN is 1 the code uses cinema
mode to produce multiple copies of a frame. If ICN is anything
else, cinema mode is not used and only one copy of a frame may
be requested.

ICwN=0,

Indicator for grouping format cf frames. If IFORMT is set to 1
the frames will ke produced in packed format (more than one curve
on each set of axes). TIf IFORMT is anything else the separate
node will be used. That is, we would produce multiple sets
of axes within each franwe.

IFORMT=0Q,

Logical indicator for the analytic solution. If IANAL is set TRUE,
the analytic solution is graphed along with the approximate
soclution. (See Note 9).

IANAL=F,

Estimate of the minimum value of the ordinate for all curves in a
given frame. This estimate is checked by the code and is used if
YAXMIN and YAXMAX are reasonably close to the actual values used.
(These estimates can be used to obtain a constant vertical axis
range for all rlots, e.g. for use in movie generation). A separate
estimate is made for each frame defined in LGROUP. Thus YAXMIN
and YAXMAX have max (LGROUP) components.

YAXMIN=0.9,0.0,

Estimate cf the maximum value of the ordinate for all curves in a

given franme.
YAXMAX=1.0,1.0,

The species number being referred to for each curve. (Recall that
there are IGNOM curves for each time value. Thus ISPEC, LGROUP,
and LORDER are vectors of size IGNUM).

ISPEC=1,2,3,4,... ,MXGNUN,

The frame ip which this curve will be plotted. That is, we can
make several frames for each time value and we can have different
ccmbinations of curves on each frame. (See Note 10).

LGROUE=1,1,..., _ _

The order in which the plots will appear on a given frame (1n-separate
mode) or the calcomp plotting symbol used (in packed que) is
indicated by the integer variable LORDER. The plots will be ordared
from the bottom to the top of the frame (if.the separate mode is
used). If the racked mode is used, this varlablg will qnly effect
the choice of the calcomp plotting symbol associated with each
curve. The Ith curve will be associated with the LORDER(I)th calcomp
plotting symbol. The first two calcomp symbols are a
square and an octagon.

LCRDER=1,1,... _ .
R coordinate'o% fiést endpoint of the cross-section. (This and the

following three variables define the endpoipts of the straight line
cross-section to be used for each frame. Slnge there can be more
than one frame for each time value, the;e variables are vectors of
dimension max (LGROUP). That is, thg points (A1(4),B1(M)) and

(A2 (M) ,B2(M)) defipe the cross-section for the Mth frame).

A1=000'000'0¢.'
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7 coordinate of first endpoint of the cross-section.
B1=0.0,0.0,...,

R coordinate of other endpoint of the cross-section.
A2=1.0,1.0,c0.,

7 coordinate of other endpoint of the cross-section.
B2=1.0,1.0,...,
GEND

c. Variables in Namelist CNTRIN

This namelist provides the dimensions of the R-Z rectangle for
each species to be used in contour or three-dimensional plotting.
It is possible to use a different rectangle for each species. Also
variables ITIME and NTIME are given here for use in plotting solution
contours for one spatial dimension problems over space and time.
This namelist is read only once and provides species numbers and the
R-Z ccordinates as vectors over the species index. It should
be noted that the CONTOR program does not actually compute the
contours. Rather, it processes the user's input and writes out
a formatted dataset con unit 13, This dataset consists, for
each contcur plot, of a series of card images. All of these
images, except the last, are values of R, Z, and function value
for a point in the contouring grid. These images are written
with a 1X,3E714.6 format. The last card for each contour plot
is writtenr with a 43X,'END* format. While this formatted
dataset is suitable for use at Argonne with the in-house
contouring package CONTOUR.BLACKBOX, the informatiom on the
dataset can ke used to interface to other contouring packages.
The CONTOUR.BLACKBCX package is not available for distribution.

Integer vector of species numbers. This vector provides the speci:zs
nunkter to be plotted in the Mth franme.
ISFEC=1,2,3,4,...,MAXSE,
Real vector of minimum R coordinate to be plotted for the Mth frame,
i.e. RMIN(I).
RMIN=0.0,0.0,...,
Real vector of maximum R coordinrate to be plotted for the Mth frams,
i.e. RMAX(I).
RMAX=1.0,1.0,...,
Real vector of minimum Z coordinate to be plotted for the Mth frame,
i.e. ZMIN(I).
ZMIN=0.0,0.C,...,
Real vector of maximum Z coordinate to be plotted for the Mth frame,
i.e. ZMAX(I).
ZMAX=1.92,1.0,...,
Integer variable for the number of grid points used for the
R coordinate direction in contour plotting.
NRESR=NRFESIN, (This variable defaults to the value given
to NEESIN in Namelist FORMAT)
Integer variable for the number of grid points used for the
Z coordinate direction in contour plotting.
NFRESZ=NRESIN, (This variable defaults to the value given

to NRESIN in Namelist FORMAT)
&EEND

d. Variables in Nawelist DIM3IN

This namelist provides a viewpoint for the three-dimensional plot
and bounds the function axis as well as the dimensions of the R-2Z



rectangle.

Integer vector of species numbers. This vector provides the specizas

nunkter to be plotted in the Mth frame.
ISPEC=1,2,3,4,...,MAXSE,

Real vector of minimum R coordinate to be plotted for the Mth frame,

i.e. RMIN(I).
RHIN=OOO'0'O'. e g

Real vector of maximum R coordinate to be plotted for the Mth franme,

i.e. RMAX(I).
Ruhx=1.o'1.0'... '

Real vectoer of minimum Z coordinate to bhe plotted for the Mth frame,

i.e. ZMIN(I).
ZHIN=CIC'O.O'...'

Real vector of maximum Z coordinate to be plotted for the Mth frame,

i.e. ZMAX(T).
ZMAX=1.0,1.C,...,
F coordinate of viewpoint
If ITIME=T, the value of RVIEW is actually along the time axis
an? the value of ZVIEW is actually along the spatial direction
axis.
RVIEW=100.0,
Z coordinate of viewpcint
ZVIEW=100.0,
Function coordinate of viewpoint
FVIEW=100.0,
Lower bound of the function axis
FMATMN=0.0,
Upper tound on the function axis
FMATMX=1.0,
Inteaer variable for the number of grid points used for the
R coordinate direction in surface plotting.
NRESR=NRESIN, (This variable defaults to the value given
to NRESIN in Namelist FORMAT)
Integer variable for the number of grid points used for the

Z coordinate direction in surface plotting.
NRESZ=NRESIN, (This variable defaults to the value given
to NRESIN in Namelist FORMAT)

6 END
6. Notes to above

Note 1. MATL has indices
(I=1 to NTIR+1,J=1 to NTIZ+1)

Note 2. HVGAP has indices
(KSPEC=1 to NSPE(C,IGAP,J=1 to NTIZ+1)
where IGAP=1 to num. of vert. gaps along R.
BHGAP has indices
(KSPRC=1 to NSPEC,JGAP,I=1 to NTIR+1)
where JGAP=1 to nuw. of horz. gaps along Z.

Note 3. CK has indices
(KP=1 to NSPEC,K=1 to NSPEC) ) .
CK (KP,K) is the first order reactlon.coeff1c1ent from
the KP-th species into the K-th species. The terms
CK (KP,K)*U(KP) are summed over kp to form the Fotal
first order reaction source into the K-th species.
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Note 4. CKK has indices
(KPP=1 to NSPEC,KP=1 to NSPEC,K=1 to NSPEC)

CKK(KPP,KP,K) is the second order reaction coefficient
from the KPP-th and the KP-th species into the K-th
species. The terms CKK(KPP,KP,K)*0(KPP)*U(KP) are
summed over KPP and KP to form the total secomd order
reaction source for the K-th species.

Note 5. ALPHA, BETA, GAYMA have indiges
(KSPFC=1 to NSPEC,I=1 to 4 sides)

Note 6. HU1 and HU3 have indices
(J=1 to NTIZ+1,KSPEC=1 to NSPEC)
HU2 and HO4 have indices
(I= 1 to NTIR+1,KSPEC=1 to NSPEC)

Note 7. NUTOUT: number of output time values including initial and
final values
UTOUT: array of output times of dimension NUTOUT
NOFREQ: number of subintervals of time on the OTOUT time
grid (PROUT is called at each subinterval time)

Note 8. SUBROUTINE ANAL (KSPEC,R,Z,VAL) must always be given.
Note 9. The graphics analytic subroutine has the form
SUBROUTINE ANAL (KSPEC,T,R,Z,V)

where KSPFC is the species number
T is the time
kE and Z are the coordinates of the point to be
evaluated
V is the value to be returned by the subroutine

A dumoy version of this subroutine exists in the CSP code
and thus the routine need only be provided if IANAL is
TRUE.

Note 10. The use of namelist CSPIN is illustrated by the following
examples (we assume IFORMT=1,i.e. packed format)

ECSP1N
ISPEC=1,2,LGROUP=1,1,LORDER=1,2,
EEND

Here we plot two species on a single frame. The first
species is plotted on the first frame using the first
calcomp symbol and the second species is also plotted

on the first frame using the second plotting symbol. 1In the
following example we plot three species with species

1 and 2 on the first frame and species 2 and 3 on the

second frame. We use the Ith calcomp synbol to denote

the plot cof the Ith sgpecies.

ECSPIN

TSPEC=1,2,2,3,,LGROUP=1,1,2,2,LORDER=1,2,2,3,
EEND

In particular, the first components cause the first



species to be plotted on the first frame using the first
calccmp plotting syntol. The second components cause

the second species to be plotted on the first frame using
the second plotting symbol. The third components cause

the second species to ke plotted on the second frame using
the second plotting symbol. Finally, the €fourth components
cause the third species to be plotted on the second

frame using the third calcomp plotting syuwbol.
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APPENDIX B

List of Symbols
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Section 1

M.

<<} =<y ©

NTIR.
NTIZ.

oR.

.Total mass concentration .

.Dependent variable, . =

.Number of species.

.Mass concentrations, jth species .

.Velocity of jth species.

.Local mass averaged velocity .
.Rate of production of species i. .
.Mass flux relative to V.
.Divergency operator.

.Parameter for conservative/nonconservative form. .

um(r,z,t) )

.Independent space-like variable. . .
.Independent space-like variable.

.Independent time-like variable . .

.Convective velocity coefficient. .

.Coefficient of Diffusivity . . . . . . . . . ..
.Heat capacity coefficient.

.Distributed source . . . . . . . . . ..
.Spatial domain . . . . . . . . . . . ...
.Number of vertical interfaces.

.Number of horizontal interfaces.

.Coefficient o(m,s) in boundary conditions. . . .
.Coefficient g(m,s) in boundary conditions. .
.Coefficient y(m,s) in boundary conditions. . . .
.Mass transfer coefficient in boundary conditions . .

.User-specified function in boundary conditions . .

.Boundary of R. . . . . « « « « « o o o o

Pag

. 10

10

. 10

10

. 10

......

10

. .10

10

.11

.11

.11

.11

.11

.11

. 12

.12

.12

......

12
12

.12

13

. 13

13

. 13

. 13

. 14
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Section 2

.Exterior unit normal to oR .
.Gap interface coefficient.

.Initial distribution .

.General term for reaction and distributed source .
.Material subrectangles .
.Test function in Galerkin procedure.

.Class of functions continuous together with the first

derivatives in RS.

.Inner product of u,w .

.That part of 3R where g # 0.
.That part of 3R where no boundary condition is imposed .
.That part of 3R where g = 0.

.Boundary of RS .

.That part of aRS which is an interface .
.Mesh subdividing an interval

.Order of a polynomial.

.Space of piecewise polynomials .

.Number of subintervals in

.Breakpoints in n .

.Smoothness index associated with Xi'
.Spline subspace.

.Truncated power function .

.Knots.

.Divided difference of 9, -

Multiplicity of knots associated with Xj .

Page
14

. 15

16

. 18
. 18
. 18

. 18
. 18
. 18
. 18
. 18
. 18
. 19
. 22
. 22
. 22
. 22
. 22
. 22
. 22
. 23
. 23
. 23
. 23



Section 3

R ..
RLOW.
RUP .

.Normalized B-spline

.Normalized B-spline in r

. .Normalized B-spline inz . . . .

.Set of B-splines which vanish on 3R

.Number of additional vertical mesh lines .

.Number of additional horizontal mesh lines . .

.Number of normalized B-splines in r(z) . .
.Indicator on side i for boundary condition
.Lower integral bounds. . . . . . . . . ..
.Upper integral bounds. . . . . . . . . ..
.Coefficient in tensor B-spline expansion .

.Set of B-splines associated with essential

.Measure for integration. . . . . . . . . .
.Surface area factor. . . . . . . . . . ..
.Vertical gap indices . . . . . . . . . . .
.Horizontal gap indices . . . . . . . . . .
.Index of last knot associated with roe - -
.Index of last knot associated with z oo
.First order reaction rate coefficient. . .
.Second order reaction rate coefficient . .

.Number of quadrature points in each r interval . . . . .

.Left side of domain. . . . . « « « « « « -

type. . . . . .

--------
---------

.........
.« .

.........
.........
.........
.........
.........
.........

.Number of quadrature points in each z interval . . . . . .

JSpatial domain . o o . . o e e e e e e e e e e

.Right side of domain . . . . « « « + « o e e s e
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ZLOW. .
Zup .
DELTA .
NTIR.
NTIZ.
RIF .
ZIF .
NMR .
NMZ .
RMESH .
IMESH .

NSPEC . . .

um(r,z,t)
CONSRV.
RHOCP . .
VEL .
DIFUSE.
EXTSRC.

NIGAP . .

HVGAP . .
NJGAP .
HHGAP .
ALPHA .

BETA.

GAMMA . .

HUJ .

.Bottom side of domain.

.Top side of domain .

.Geometry indicator .

.Number of vertical interfaces.

.Number of horizontal interfaces.

.Position of a vertical interface .

.Position of a horizontal interface .

.Number of additional vertical mesh points.
.Number of additional horizontal mesh points.
.Position of a vertical additional mesh point .
.Position of a horizontal additional mesh point .
.Number of species.

.Concentration of the m-th species.
.Logical indicator for convection term.
.Heat capacity subroutine .

.Convective velocity subroutine .
.Diffusion coefficient subroutine .
.Distributed source subroutine.

.Number of vertical gap interfaces.
.Vertical gap coefficient .

.Number of horizontal gap interfaces.
.Horizontal gap coefficients. .
.Boundary condition coefficient .
.Boundary condition coefficient .
.Boundary condition coefficient .

.Mass transfer coefficients (J=1,4) .



NSJ .

INDATA. . .

INITSW.
STEADY.
TIMEX .

STEDSW. . .
TRANSW. . .

GUESS1. .
GUESSW. .

Section 4

DIFUSE.
IMATL .
KSPEC .
NSPEC . .
T.

RR. . . .
7. . . .

SPDEN .

SPDENR. . .

SPDENZ.
DIFUR . .
DIFUZ . .
TO;

VEL .
VELR. . .
VELZ.

Page
.Boundary condition side indicators . . . . . . . . . . . .. 45
.Initial data subroutine. . . . . . . . ... ... ... . . 45
.Control program switch . . . . . . . . . .. .. .. ... . 45
.Control program for steady state calculation . . . . . . . 45
.Control program for transient calculation. . . . . . . . . .45
.Control program switch . . . . . . . . . . . . .. . ... 45
.Control program switch . . . . . . . . . . . .. . 45
.Control program for initial estimate . . . . . . . . . . . . 46
.Control program switch . . . . . . . . . . .. ... . 46
.User subroutine. . . . . . . . . . ..o 000 oo . 47
Material dindex . . . . . . . L o L o e e e e e e e e 47
.Species index. . . . . . L Lo oo o e e e e e 47
Number of Species. . . . « . « « . ¢ o e 0 o e e e e e e 47
.Time, current value. . . . . « « « v . o« o ot e e 47
ADSCISSA & v v e e e e e e e e e e e e e e e e e e e e e . 47
LOrdinate . . . e e e e e e e e e e e e e e e e e e e e e e 47
Array of concentrations. . . . . . . . .. o .o 47
.Array of partial derivatives with respect tor . . .. ... 47
.Array of partial derivatives with respect toz ... .... 47
.Output from DIFUSE . . . « .« o« o v v v oo oo oo e e 47
LOutput from DIFUSE . . . .« v v o o v o e e e e e e 47
Indtial time . o . . o e e e e e e e e e e e e e e e e 47
.User subroutine. . . . . . « o e o e e e e e e e e e e e . 49
Output from VEL. . . . v v v o v e e e e e e e e e 49
Output from VEL. . . . v v v v v e e e e e e e e e e e e 49
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BRHP.
RHQV. .
XX.

VLBD. .
BRH@DT.
EXTSRC.
FDEXTU.
INDATA.
RHOCP .
ANAL.
KR(KZ).
LR(LZ). .
INUR(INUZ).
NRNZ.
NVAR.

AL.

.User subroutine.

.OQutput from BRHQ .

.Position coordinate on a side. .

.Normal component of convection velocity.
.User subroutine.

.User subroutine.

.User subroutine.

.User subroutine.

.User subroutine. .

.User subroutine. . . . .

.Order of B-splines .

.Number of subintervals .

.Vector of continuity indices .

.Number of variables for one species. .
.Number of variables.

.Coefficient matrix .

HPRHBW(VERHBW) . .Half bandwidths. .

NI,NJ,NCC .
DM.

FBW . .

NAL .

ALHS.

PW.

MBW . .
MFBW.

SNPW.

GEARG .

.Ordering parameters. .

.Half bandwidth for AL.

.Full bandwidth for AL.
.Storage requirement for AL .
.Common block for AL.
.Jacobian matrix.
.Half-bandwidth for PW.

.Full bandwidth for PW. .
.Storage requirement for PW .

.Common block for PW. .
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